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Abstract 
 
In the semi-arid Rift Valley regions of Ethiopia, rainfed farming systems are challenged by 
climate variability and associated risks. Although the region has an inherent vulnerability, it 
holds potentials and opportunities to enhance productivity and resilience. Currently, farmers 
low resource capacity and largely risk-aversion attitude means these opportunities are 
missed and huge productivity and resilience gaps exist. In this thesis, we argued that the 
gap could be narrowed, and food security achieved by utilizing available resources along 
with resilient cropping systems and strategies. Firstly, we combined participatory action 
research methods with modelling information from an Agricultural Production Systems 
Simulator (APSIM) model to (i) describe farmers’ current farming systems, constraints, gaps 
and opportunities for improvement; and (ii) quantify the likely implications of changes in 
yields, risks, and trade-offs from alternative interventions. Results showed that season-to-
season and within season climate variability was the major constraint to crop production. 
Other production constraints include low use of fertilizers, animal feed shortages during the 
dry season, and intensive tillage for weed control. Improving simple agronomic practices 
(e.g. timely sowing and weeding) were the best options for poorer farmers. For relatively 
better farmers, cultivar choice and adequate fertilizer use increased productivity and 
profitability. Another modelling scenario explored with farmers include the use of multi-
purpose forage legumes (e.g. cowpea and lablab) during short-rain (250 mm), as an 
alternative to intensive tillage. The practice also could provide an additional biomass (1.5-
3.5 t ha-1) for livestock feed and soil amelioration. 
Secondly, an in-depth analysis of climate data showed that the region receives normal or 
wet cropping seasons in two-thirds of the season and dry or risky in one third (n>30). The 
major source of risk was a high probability of dry spell >10 days (>68%) during Belg and 
tends to become minimum (<10%) in long-rains (Kiremt). Early onset or sowing opportunities 
could happen as early as March, however, the mean onset date is between mid-April and 
mid-May. The average length of growing period extends from 106-149 days for Belg sowing 
opportunities and 74-92 days for Kiremt sowing windows. Subsequent simulation and risk 
analysis with APSIM showed that Belg maize sowings were possible in 58% of seasons, 
with a 21-46% yield advantage over Kiremt sowings (n=34). 
Thirdly, we tested the hypothesis that cropping systems strategies such as using mixture of 
different maize cultivar types and sowing windows are likely to lead to significant gains in 
productivity and resilience. Accordingly, early sowing of both short and long maturing cultivar 
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mixtures gave a yield advantage of 10-26% over sowing single cultivars. The downside risk, 
which is the likelihood of not producing enough maize for home consumption (e.g. 2t ha-1) 
was lowered by 15% when using cultivar mixtures than early maturing cultivars in all 
seasons. Investment in N fertilizers can further reduce this risk of food insecurity as nitrogen 
stress was more often limiting than moisture stress in the Rift Valley region. 
Finally, further analysis of trade-offs and benefits from using alternative cropping systems 
strategies showed that opportunity sowing of cowpea-maize (CpMz) double cropping 
systems during Belg (short-rains) had higher yields and water productivity than Kiremt sown 
continuous maize monocropping. The mean yield of CpMz was 17-23% higher than 
continuous short maturing maize monocropping. CpMz produced 22-36% more biomass 
than all systems. Belg opportunity sowing of legumes (e.g. cowpea) produced additional 2-
4 t ha-1 dry matter. However, in drier years, seasonal yields in the rotation system were lower 
than maize monocropping. Despite this, overall productivity across multiple seasons was 
higher in the double cropping system. Besides, integrating legumes could be an alternative 
and cheap source for nitrogen, soil green cover, and soil organic matter build-up of soils of 
the study region. Generally, combining farmers’ information with modeling platform helps to 
better understand production and efficiency gaps while suggesting alternative cropping 
strategies for enhancing productivity and resilience of the smallholder maize-based cropping 
systems sustainably. 
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Thesis Outline 
 
Climate variability, farmers' risk attitude and limited access to production resources are 
important causes of large productivity and resilience gaps in the semi-arid environments of 
Ethiopia. In this thesis, we argued that these gaps could be narrowed, and food security can 
be achieved by utilizing available resources along with risk efficient cropping systems and 
strategies. The linkages among the different chapters in this thesis are presented below.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Thesis outline and linkages among thesis chapters. 
xxiv  
 
Chapter 1: Introduction 
 
This chapter defines the system under study and presents the background and overview of 
agriculture and food security problems in the semi-arid rainfed small-scale systems from the 
Central and Southern Rift Valley of Ethiopia (CSRVE). The discussion focuses on how 
climate variability as a source of risk in smallholder farming systems and farmers' risk 
attitude affects productivity and livelihood. How the unsustainability of the farming practices, 
degradation of the resource base increasingly challenges food security and the need for 
alternative strategies and adaptation options to cope with low productivity and risks. This 
chapter also introduces the research questions, hypothesis and objectives to address the 
problem.  
 
Chapter 2: Literature Review 
 
This chapter presents a literature review on the underlying principles & theories, that support 
the objectives and hypothesis in this thesis. The review starts with discussing on food 
security and sustainability challenges and gaps in Sub-Saharan Africa (SSA) and Ethiopia 
in particular. It then provides a brief analysis of the constraints, risk, and trade-offs to 
improving productivity and managing risks.  Here I also discuss the role of cropping system 
models in climate risk analysis and estimation of productivity gaps and trade-offs. 
 
Chapter 3: Participatory risk analysis and modelling: for exploring system constraints and 
opportunities 
 
This chapter presents results from a participatory modelling exercise with farmers and a 
survey carried out during 2014. The use of model was used to generate quantitative 
information to support discussions with farmers about their exposure to risk and the 
implications from alternative practices and options. Here combined participatory action 
research methods with information from an Agricultural Production Systems Simulator 
(APSIM) model to (i) describe farmers’ current farming systems, constraints, gaps and 
opportunities to improve and (ii) quantify the likely implications of changes in yields and risks 
from alternative interventions and investments. Here we demonstrated that improving simple 
agronomic practices has the potential to increase total productivity and efficiency with 
available resources. 
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Chapter 4: Challenges and opportunities of climate variability in rainfed maize-based 
cropping systems  
 
The chapter presents the in-depth analysis of climatological resources such as rainfall and 
temperature for understanding and describing the impact of seasonal and inter-seasonal 
climate variability on maize-based rainfed farming systems of CSRVE. Moreover, uses 
simulation model, APSIM, to ex-ante assess possible interventions and technological 
options that reduce risks from climate variability and enhance productivity. 
 
Chapter 5: Managing climate risk in maize-based cropping systems 
 
Here we tested the hypothesis that cropping systems strategies such as cultivar mixtures of 
different maturity type and sowing windows are likely to lead to significant gains in 
productivity and resilience. We combined the analysis of historical climate records, results 
from empirical research, and simulations using a validated crop simulation model (APSIM) 
to quantify the benefits of alternative farmer decisions in terms of maize productivity and 
downside risk. Generally, the use of mixtures of cultivars and modifying sowing dates could 
help better match available resources and crop demand so that yields can be increased, 
and downside risks reduced. 
 
Chapter 6: Exploring strategies for enhancing water and crop productivity in semi-arid 
environments of Ethiopia: an empirical and modelling approach 
 
In this chapter, we quantify the benefit and trade-offs of alternative opportunistic cropping 
system strategies for enhancing productivity and efficiency in maize-based systems across 
the CSRVE. Empirical and modelling approaches were used to asses five cropping system 
strategies viz. continuous monocropping of late maturing and short maturing maize cultivars; 
double cropping of cowpea and maize; bean and maize; and millet and maize in Belg and 
Kiremt seasons sequentially. Generally, cropping systems appeared largely nitrogen 
constrained rather than water constrained. Integrating legumes could be an alternative and 
cheap source for nitrogen, soil green cover, and soil organic matter buildup to enhance the 
overall productivity of the system sustainably. 
 
Chapter 7: General discussion and conclusion 
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This chapter discusses key methods and findings as well as their implications in 
recommending more productive and resilient cropping systems in the target and similar 
semi-arid environments.  
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CHAPTER 1. Introduction 
 
1.1. General background 
 
Agricultural production in the semi-arid regions of Sub-Saharan Africa (SSA) is challenged 
by multiple risk factors and high vulnerability of poorly resourced farmers. Key sources of 
risk in agriculture are climate, socio-economic factors, soil degradation, and poorly 
developed markets (Gommes 1998; Antón 2009; Kassie et al. 2013). Climate-induced risks 
include frequent dry spells, droughts, and floods often resulting in partial or total losses of 
production (Deressa & Hassan 2009; Evangelista et al. 2013). In addition to present climate 
risks future changes in climate are expected to add further uncertainties on the capacity of 
smallholder farmers to increase productivity or remain food secure (Adger et al. 2003; Meehl 
et al. 2007; Evangelista et al. 2013). 
 
Ethiopia has experienced some of the worst famines in modern history(Seleshi & Camberlin 
2006; Deressa & Hassan 2009). For example, during the 2002/03 drought, 13.2 million 
people were food insecure and 100 thousand starved and migrated (Meze-Hausken 2004; 
Gray & Mueller 2012). It was also a recent phenomenon happening in Ethiopia and the 
region (the horn of Africa) that estimated 19.5 million people critically affected by El Nino 
caused drought (OCHA, 2016). Monsoon failures in the Indian Ocean, and warm ENSO (El 
Nino Southern Oscillation) events, are known to have influenced the Ethiopian climate and 
caused droughts of 1965, 1972–73, 1982–83, 1986, 1991–93, 1997–98 and 2002 (Hurni & 
Pimentel 1993; Seleshi & Camberlin 2006). Seleshi and Zanke (2004), also showed 
evidence of the relationship between the occurrence of El Niño events and droughts 
affecting cropping and pastoral communities in Ethiopia. 
 
Narrowing the gap between farmers’ perceived and actual risks, and improving farmers’ 
understanding of the benefits and trade-offs of alternative practices, are likely to modify 
highly risk-averse behaviors that hinder farmers from adopting more productive technologies 
(Dixit et al. 2011; Rao et al. 2011a; Bezabih & Di Falco 2012). Whether farmers perceived, 
and actual risks are different, and whether this gap affects on-farm investment and 
productivity increases is a key area of research of this work. 
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Farmers make decisions about their cropping activities under uncertainty and lack of 
information. Highly variable rainfall and the frequent occurrence of dry spells early during 
the cropping season cause expensive crop failures to poorly resourced farmers (Kassie et 
al. 2013). In addition, farmers’ understanding of their exposure and capacity to manage 
variable seasonal climatic conditions result in risk-averse attitudes that limit investment on 
the farm and farmers’ capacity to profit from above average seasons (Fufa & Hassan 2003; 
Nageswara Rao et al. 2011). Some studies also revealed that climate risk discourages 
farmers’ investments on improved seed, fertilizer and farm implements (Dixit et al. 2011; 
Bizuneh 2013).  
 
Rainfall in Ethiopia is seasonal with high spatial and temporal variability. The CSRV region 
exhibits a bimodal rainfall pattern that starts with the spring rains or Belg during the months 
of March-May. The summer rain or Kiremt extend from June-September. Despite the 
differences (inconsistency) in the trends of rainfall in Ethiopia (Bewket and Conway (2007), 
most reached on the consensus that the annual total rainfall over Ethiopia is showing a 
declining trend (Cheung et al. 2008; Kassie et al. 2014c).  
 
According to climatological analyses the onset of the rainfall seasons in the region is in 
March or April (Diga 2005); Kassie et al. (2013), interrupted by dry spells i.e. periods longer 
than 10 days without rain, in April or May or early June. These dry spells signify the end of 
the Belg season while the Kiremt season starts to build up. Sowing of season transient crops 
such as maize in the Belg season is affected by frequent dry spells during the transitional 
period. Usually, farmers wait until mid to end of June for sowing short cycle lower yielding 
maize cultivars. If further delays in the onset of rains occur farmers are forced to sow short 
season small cereals and pulses such as tef (Eragrostis teff (Zucc.) Trotter) or beans 
(Phaseolus vulgaris L.). The risk of a dry spell is not only confined to the start of a season, 
but may also occur at critical crop growth stages (such as flowering and grain filling) within 
the season, and at the end of season exposing late sown crops to terminal stresses (Seleshi 
& Camberlin 2006).  
 
Farmers in the central and southern rift valley region have had different experiences and 
developed contrasting views and practices on the rainy seasons. The Southern Rift valley 
region farmers consider the environment as a single long season that starts in March and 
ends in October. However, farmers in the central Rift valley regions are giving up on long 
seasonality and shifted to the short and reliable season that starts from June. Regardless of 
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the variability and associated risk, this ‘long season’ is partitioned into different farming 
operations in both central and southern Rift valley regions. Extensive plowing starts usually 
in February for land preparation and weed control. If sufficient rain occurs extensive plowing 
is interrupted, and long cycle maize and sorghum crops are planted mainly in the southern 
Rift valley. In the central Rift valley (CRV) the farmers’ traditional way of “play with early 
season by ear” (Admassu et al. 2007a) or “ende tale zira”-that means “plant your seeds 
whenever it rains” (Kassie et al. (2013) risk-taking attitude of farmers contrasts with present 
extension recommendations which pushes sowing of short maturing crops or cultivars in the 
main Kiremt season.  
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Early Sowing 
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RF 
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Figure 2. A conceptual model for understanding risks and opportunities for 
exploring strategies in enhancing water and crop productivity in bimodal rainfed 
systems. The blue line represents the hypothetical distribution of annual rainfall 
(RF) in the CSRVE. The green (Flw: flowering), red (GF: grain-filling) and yellow 
(PM: physiological maturity) bands indicate the probable growth periods for early 
sown crops (e.g. maize). The broken red line indicates risk of dry spell (>10 
days) for early sowing in April, May and June, horizontal green line indicates 
normal sowing window with short duration (SD) maize cultivars, and horizontal 
black line represents possible early sowing opportunity with long duration (LD) 
maize cultivars. The grey broken lines indicate the relative lengths of fallow 
periods since rainfall onset until maize or short maturing small cereals are sown. 
The purple line indicates alternatively exploitable potential crop growing period 
other than fallowing or repeated tillage for weed control. 
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The problem with this blanket recommendation is that CRV farmers likely to miss out on the 
good opportunities of the wettest seasons which might allow sowing early with medium 
maturing and high yielding cultivars.  
 
The current extension system ignores opportunistic options of using the early rainfall of the 
Belg season to grow a short duration crop for food or fodder security following a prolonged 
dry period (i.e. October to March). Farmers do repeated tillage operations (4-5 times) for 
weed control starting with the first rainfall events as early as February and March (Rockstrom 
et al. 2003; Biazin et al. 2011). This practice resulted in an unsustainable and inefficient way 
of using resources and the farming system and the smallholder farmers became vulnerable 
to high labor costs, erosion and land degradation.  
 
In summary, present climate variability and associated risks, the unsustainability of the 
farming practices, increasingly exploited and degraded resource base, and food insecurity 
challenges urge for alternative strategies and adaptation options to cope with low 
productivity and risks. This calls for a re-examination of farmers’ practices, and extension 
recommendations in relation to their failure to stabilizing yield and farmers’ income. It also 
needs rethinking of climate-smart practices and cropping systems to enhance resilience and 
productivity in a sustainable manner. This could be achieved and employed by reconciling 
new science with farmers’ indigenous knowledge, circumstances, values, and aspirations, 
to more advanced recommendations of agronomic practices that integrate the use of climate 
information with risk efficient practices, tactics and strategies. This study aims to contribute 
to the identification of pathways to bridge productivity and resilience gaps in one of the most 
food insecure and fragile regions of Ethiopia. The gap could be narrowed by identifying risk 
efficient practices, farming strategies, and enhanced on-farm investments. 
 
1.2. Research Objectives, Hypothesis, and Questions 
 
1.2.1. Main objective 
 
The main objective of this research study was to understand current farming system 
constraints, risks, and opportunities and analyze the benefits and trade-offs of alternative 
32  
climatic and agronomic adaptation options for enhancing productivity and resilience in the 
semi-arid Rift Valley regions of Ethiopia. 
 
1.2.2. General hypothesis 
 
Improving farmers’ climatic risk understanding and management strategies could likely lead 
to significant gains in productivity and resilience that could have the potential to provide the 
required motivation and confidence for farmers to invest their limited resources to improved 
technologies. 
 
The above hypothesis was tested by researching the following two specific hypotheses: 
I. Understanding current cropping practices, risk management strategies, resources 
and opportunities for improving farmers’ management of the trade-offs between 
increases in productivity and risk exposure. 
II. Exploring and re-examining best-fit and simple agronomic practices, farmer rules, 
and alternative cropping system strategies increases productivity and resource use 
efficiency 
 
1.2.3. Research questions 
 
Specific questions related to specific hypothesis-I 
i. What is the role of participatory modelling approach in identifying and exploring 
alternative options and recommendations for practice change? 
ii. What are the real and perceived climate-induced risks in the regions under study  
iii. Can simple rules of thumb be developed that could be used by farmers to significantly 
minimize their exposure to climate variability and risk?  
iv. What are the benefits (i.e. increased yield, reduced risks, and food security) and 
trade-offs (i.e. increased risks of negative returns and food insecurity) from alternative 
maize sowing decisions and cultivar maturity type choices?  
 
Specific questions related to specific hypothesis-II 
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i. What is the role of cropping system strategies such as sowing dates, cultivar mixtures 
in the management of dry spells and water deficits in maize dominant cropping 
systems? 
ii. Does introducing pre-season multipurpose forage legumes improve productivity, 
resilience, and efficiency of maize-legume systems? 
iii. What are appropriate low-risk crop/forage options to make use of the March-May or 
Belg rainfall?  
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CHAPTER 2. Literature Review 
 
2.1. Introduction: Food security challenges in Africa 
 
For centuries drought and famine have been the major threats to humans and their food 
security. As documented in Devereux (2009) and elsewhere in the world, in the 20th century, 
more than 75 million lives vanished due to famines, about 4 million of them in Africa. 
However, while most of the world manages to remain food secured the problem persists in 
Africa, where nearly a quarter of a million lives perished, mostly in Ethiopia, Malawi, and 
Niger, in the first decade of the 21st century (Devereux & Sussex 2000; Devereux 2009; 
Dercon & Christiaensen 2011). This triggers the question of “why does famine persists in 
Africa?”(Devereux 2009). The inherent vulnerability to climate variability, degradation of 
natural resources, poor market and finance, weak governance and widespread corruption, 
instability, and social unrest could be major reasons food insecurity in Africa (Jayne et al. 
2010). However, while political and socioeconomic causes show sign of improvement, 
smallholder farmers with poor resources and capacities remain food insecure due to climate-
related risks. 
 
Clover (2003) and Weiler et al. (2014) explained that the food security concept 
encompasses not only food production but also food availability, access, and utilization. The 
Millennium Development Goal (MDG) has a target of reducing food insecure people by half 
in 2015 (Binagwaho & Sachs 2005). The major concerns for food security and agricultural 
development in Africa has been soil fertility, management of water resources, access to 
improved varieties of crops and livestock as well as improving extension services(Love et 
al. 2006). As an overriding challenge to food security in Africa, the MDG primary intervention 
has been to restore soil fertility in smallholder farmers condition. Efforts to increase crop 
productivity (e.g. crop yields) could face increased climatic risks (i.e. season to season 
variability in crop yields) if the smallholder farmers remain vulnerable to the vagaries of the 
climate. Therefore, achieving food security through increased productivity needs to consider 
the adoption of more productive and resilient practices, tactics and strategies. This chapter 
reviews the main challenges and trade-offs between increasing productivity and achieving 
food security in the face of production risks faced by the smallholder farmers of SSA. 
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2.2. Risk concepts in agriculture and decision making under risk and uncertainty 
 
The ancient gathering and hunting might have evolved into agriculture as the human 
population started to grow and more reliable and continuous sources of food were needed 
(Diamond (2002). Yet modern agriculture itself is pervasively becoming risky as food 
demand and environmental sustainability tangled by multiple sources of risks. More 
importantly, agriculture in the semi-arid environments of SSA remains risky given that 
farmers usually grow crops during the single rainy season, with limited resources, in a highly 
variable climate. 
 
Risk is defined in different perspectives and based on an enterprise into consideration. Most 
literature argues that the common definition of risk and uncertainty are often used 
interchangeably. In climate studies, risk has been defined as the probability of exceeding 
one or more thresholds of vulnerability. The risk is then estimated as the product of the 
likelihood (probability that something bad happens), and its consequence (or impact) (Jones 
et al. 2007; Metz et al. 2007).  In risk assessment studies understanding the likelihood and 
consequence of different adverse events is a first step to identify potential interventions or 
solutions to the problem (Jones et al. 2004). The critical threshold at which an impact is 
significant usually depends on the integration of climate, socioeconomic factors and defining 
the vulnerability of the farmer or farming community. Consequently, risk could be defined as 
the likelihood of exceeding the coping range beyond which the hazard (climatic) is 
intolerable and becomes vulnerable (Jones & Mearns 2005).  
 
Decision making under high risk and uncertainty often have a daunting effect for farmers in 
increasing adoption and investment in agricultural enterprises. Particularly, in semi-arid 
environments where season to season variability and associated uncertainties affects 
household food and income security, agricultural investment is at its lowest level. Individual 
risk attitudes and preferences towards given alternatives have been the interest of socio-
economists. Marra et al. (2003), explained the role of risk and uncertainty on the adoption 
of new technologies from different theoretical and empirical perspectives. It was concluded 
that improved learning and experience towards a technology minimizes uncertainty and 
improves decision making. Moreover, effective management of risks (e.g. climate risk) could 
improve farmers risk-averse behavior and encourage investment on improved crop and crop 
management technologies in risky environments (Marra et al. 2003; Harrison et al. 2010).  
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Farmers perceive climate risk as (i) the delay in the onset of the rainy season i.e. lateness; 
(ii) low rainfall or 2-3 weeks of dry spells within a cropping season; (iii) the failure to meet a 
crop water demand during critical growth stages such as flowering; and (iv) the early 
cessation of rain before maturity of a crop (Bezabih & Di Falco 2012; Belay et al. 2017; Asrat 
& Simane 2018). Farmers risk attitudes towards the current climate variability and future 
changes are more biased in their negative experiences than actual observations (Rao et al. 
2011a). As a result, most farmers could be risk neutral or risk averse (choices biased 
towards less risky) based on their experiences and household resource endowments 
(Backus et al. 1997; Bezabih & Di Falco 2012). This governs their decisions and preferences 
towards a new technology adoption and resource investment.   
 
Information is crucial to minimize risk but optimize the outcome of a decision made under 
uncertainty. Farmer’s preferences and decisions are usually evaluated from their 
experiences (either positive or negative) and the amount of information they are exposed 
through their social networks and other communication means (Steenwerth et al. 2014). 
Timely information related to production, market, climate and other off-farm (environmental 
legislation, land tenure, resource conservation, food safety etc.) needed to make wise 
decisions. Technological information (e.g. improved variety, agronomic practices) well-
tailored to farmers’ conditions and needs are essential in managing risk and making 
informed decisions (Bezabih & Di Falco 2012). Climate information on agronomically 
relevant seasonal climate outlooks such as onset dates, number of rainy days, and 
probability of dry spell occurrences, rainfall end dates and effective length of growing period 
help farmers to make rational decisions in their resource allocations and planning as well as 
exploiting opportunities for improving and stabilizing yield (Tesfaye & Walker 2004a; Mubiru 
et al. 2012; Kassie et al. 2014c). 
 
2.3. Impact of climate-induced risk on crop production in Ethiopia 
 
The well-documented literature outlines sources of risk for agriculture and the farming 
community as yield risk (mainly from climate, pest & diseases), price or market risk and risk 
from political, catastrophic and epidemic sources (Antón 2009; Kimura et al. 2011). The 
major causes of agricultural risk resonate around crop yield risk and input and output market 
risk. Climate-induced risk dominates the crop yield losses where rainfall and temperature 
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variability are the major causes of food shortages and livelihood shocks for subsistence 
farmers (Gommes 1998; Antón 2009).  
 
It is a well-recognized fact that climate-induced risks have a wide range of direct and indirect 
impacts on crop production and productivity, rural livelihoods, and economies at the farm, 
regional, and national scales. Jones and Thornton (2003b) in their study of the potential 
future impacts of climate on maize production in Africa indicated that a 10% decline is 
expected in 2055 with a high variability of impacts from country to country as well as within 
a country. Some rural communities might have a greater risk in the extent to disrupt their 
livelihood.  
 
Climate variability is a major source of risk in crop production since it affects crop growth 
and development which results in yield reduction. In the semi-arid environments of Ethiopia, 
the challenges addressing climate risk are attributed to the large uncertainties of the climate 
variability(Conway & Schipper 2011; Hurley et al. 2016; Tesfaye et al. 2016b). The amount 
and temporal distribution of rainfall is generally the most important determinant of inter-
annual fluctuations in national crop production levels in Ethiopia (Demeke et al. 2004; Gray 
& Mueller 2012). Deressa and Hassan (2009) also showed the strong relationship between 
climate variability and the GDP of the country. According to the reports, the GDP reduces 
up to 10% and the agriculture sector contribution to GDP reduces by 10-20% during drought 
or below average seasons. 
 
The impact of climate variability on crop production is often studied by the analysis of agro-
climatological indices and productivity of crops grown during the same period under 
consideration. Many studies showed that there has been no or minimal changes in annual 
rainfall total over Ethiopia (Conway et al. 2004; Seleshi & Zanke 2004; Bewket & Conway 
2007). However, greater variability has been observed in inter-seasonal variability especially 
in semi-arid areas. The inter-seasonal variability is relatively higher in Belg season than in 
main Kiremt season (Rosell & Holmer 2007; Kassie et al. 2014c). Rosell and Holmer (2007), 
have noticed that out of twenty years only 50% of years farmers managed to harvest crops 
e.g. teff (a staple crop for over 50 million people in Ethiopia) during Belg in south Wello.  
 
2.4. Rainfall seasonality, variability, and trends in Ethiopia 
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Despite the large body of water resources available that could irrigate more than 3.5 million 
hectares of cultivable land, only 0.19 million ha (4.3%) is irrigated in Ethiopia (Makombe et 
al. 2007). This indicates how the Ethiopian agriculture is heavily dependent on rainfed 
farming and the extent of the impact any unforeseen disruption of rainfall might cause to the 
livelihood. Rainfed agriculture in Ethiopia dominates 90% of the agricultural activities and 
livelihood where 85% of the population engaged in crop production & livestock raring. 
Despite rainfed agriculture, the major driver of the economy and livelihood, rainfall 
distribution and intensity significantly vary, unpredictable and erratic in spatial and temporal 
scale that resulted in recurrent droughts and associated risks (Seleshi & Camberlin 2006) 
 
2.4.1. Rainfall Seasonality 
 
Rainfall in Ethiopia is seasonal with high spatial and temporal variability. There are three 
seasons viz. the short rainy season, Belg; the long rainy season, Kiremt; and the dry months 
called Bega. The Belg extends from February/March-May and the Kiremt from June to 
September and Bega lasts from October to January. The rainy season starts in the south 
and central regions of Ethiopia during spring or Belg and moves towards the north. When 
this happens, it signals the commencement of the summer or Kiremt rainfall all over Ethiopia 
(Gissila et al. 2004; Diro et al. 2008). The Kiremt rainfall contributes 60% of the annual rain 
received in most areas followed by the Belg with 24% of the average contribution to annual 
rainfall totals (Cheung et al. 2008). The only exception is in southeastern or the “Genale-
Dawa” watershed where the Belg rainfall contributes 48.8% and Kiremt rainfall only 
contributes 20.5% (Table 2). Hence, food production in Ethiopia is carried out during the 
Belg and the Kiremt seasons. This small rain in Belg has great significance for growing short 
maturing crops such as teff and beans (Funk et al. 2012a). 
 
2.4.2. Rainfall variability and trends 
 
Rainfall is the most studied climatic variable in Ethiopia. Hence, rainfall variability, changes, 
and trends have been documented by many authors. In a study of rainfall changes and rainy 
days, Seleshi and Zanke (2004) found no change in the annual Belg and Kiremt rainfall over 
central, northern and northwestern Ethiopia during the period 1965–2002. Analysis of rainfall 
from 1898-1997 in the central highlands of Ethiopia also showed a decreasing trend and 
extreme variability of rainfall (Osman & Sauerborn 2002). Funk et al. (2012a), also analyzed 
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long-term climate data and reported that agriculturally significant seasons such as the Belg 
and Kiremt rainfall of Ethiopia exhibited a 15-20% decline since the mid-1970s. On the other 
hand, data analyses from the long-term study carried out at Addis Ababa station during the 
last 100 years did not indicate any change in total rainfall (Conway et al. 2004). In contrast 
to this, Olsson et al. (2005) analysis showed that there had been an increase of the total 
rainfall in the central and western parts of Ethiopia by 10–25% when comparing two periods 
1982–1990 and 1991–1999. 
 
Conway and Schipper (2011), noted that the rainfall trend in Ethiopia showed no remarkable 
clear-cut changes and its future projection also shows very mixed patterns of change 
compared to the continued warming up of the climate. Others reached on the consensus 
that the spatial & temporal variability of the seasonal rainfall over Ethiopia showed a 
declining trend (Seleshi & Camberlin 2006; Bewket & Conway 2007; Cheung et al. 2008). 
Cheung et al. (2008), did a very comprehensive examination of rainfall data (1960-2002) 
from 134 stations in thirteen watersheds, which represent most of the country. They found 
that the Kiremt (JJAS) rainfall showed a significant declining trend for watersheds in the 
central (e.g. CRV watershed) and south-western parts of Ethiopia. While the annual rainfall 
showed no significant trend for all watersheds under analysis.  
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When looking at the results from these studies, it is obvious that there is no coherence or 
clear-cut trend for rainfall trend in Ethiopia. The reason for that is attributed to the difference 
in size of their study areas, quality or scarcity of data as well as different ranges of years 
under examination (Bewket & Conway 2007; Cheung et al. 2008). The increased inter-
annual variability is the more prominent factor than the total rainfall. In addition, the diverse 
topography, rugged and mountainous landscape of Ethiopia creates diverse local rainfall 
patterns and variability. However, it can be concluded that the overall rainfall trends show a 
declining trend in some areas such as the semi-arid Rift valley regions (which are mainly 
found in the north, northeastern and central Rift Valley regions).  
 
2.4.3. Role of Belg season rains in Ethiopian agriculture 
 
The spring or Belg rain is important for growing crops in the central, southern and eastern 
regions. Belg rain significantly contributes to annual rainfall total and plays a vital role in land 
preparation and sowing of short or long cycle ‘Meher’ or Kiremt crops (Fekadu 2015). Failure 
MAM JJAS Annual
1898-2002 Central highland No trend No trend No trend Conway et al. (2004)
1961-2003 NW & central N Decreasing Increasing increasing Bewket and Conway (2007)
1962-2002 National No trend decreasing no trend Cheung et al. (2008)
1963-2003 N central Decreasing Increasing No trend Rosell and Holmer (2007)
1965-2002 Central, N & NW No trend No trend No trend Seleshi and Zanke (2004)
1965-2002 E, S, SW No trend decreasing decreasing Seleshi and Zanke (2004)
1989-1997 Central highlands No trend decreasing decreasing Osman and Sauerborn (2002)
1970-2010 S central Decreasing decreasing No trend Funk et al. (2012)
1979-1994 NW No trend decreasing decreasing Taye et al. (2013)
1977-2007 CRV increasing decreasing decreasing Kassie et al. (2014)
1995-2008 NW No trend increasing increasing Taye et al. (2013)
Study period Study region
Trends
References
Note: N, NW, E, S, SW represents north, north western, east, south and south western, respectively.
CRV represents central rift valley. MAM=March, April, May; JJAS=June, July August, September.
Table 1. Seasonal and annual trends of rainfall at different periods and regions of Ethiopia. 
MAM corresponds to Belg and JJAS corresponds to Kiremt seasons. 
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of the Belg rain has a significant impact on the subsequent main season and food security 
of several regions such as the central and southern Rift valley. Hence, the uncertain, late 
and inadequate rain in Belg not only delays land preparation but also determines the length 
of the growing season and eventually the production of long-cycle cereals such as maize 
and sorghum. Moreover, in the Belg growing regions of Ethiopia, this short season has an 
important advantage for the farmers and their livestock. Belg rain is also the source of food 
and water after the long dry period and if farmers are successful to harvest in Belg, the 
income would be used for purchasing agricultural inputs to grow main season crops (Rosell 
& Holmer 2007).  The early arrival or delay of Belg rain generally creates a flurry of activity 
not only for farmers and farmers’ organizations but also other engaged in early warning, 
humanitarian and development works (Funk et al. 2012b). 
 
The seasonal crop production pattern in Ethiopia can be seen in three categories. The first 
one is crops sown in Belg and harvested in Belg. The second category is crops sown in Belg 
but harvested in Kiremt (Nov-Dec). The third and most common one is crop sowing takes 
place in Kiremt season and harvesting at the end of the same season. The seasonal 
complexity is higher in the south and eastern part of the country which is attributed to the 
variable rainfall pattern (Cheung et al. 2008; Funk et al. 2012a). In the northwest and 
southwest Kiremt rain receiving areas, the Belg rain is minimal and farmers do not rely on it 
(Cheung et al. 2008). 
 
The Belg rainfall is characterized by high intensity and variability (Seleshi & Zanke 2004; 
Cheung et al. 2008) accompanied by elevated evapotranspiration. Hence, the Belg rainfall 
is less reliable than the rainfall during the Kiremt season for growing major crops (Bewket & 
Conway 2007). However, in some Belg growing regions, farmers grow short maturing maize, 
beans and teff crops for relieving the food shortage before the main season harvest. Though, 
farmers do not harvest crops every year at the end of the Belg season in contrast to the 
more dependable Kiremt season in areas with bimodal rainfall pattern (Rossel and Holmer, 
2007). Belg period is becoming risky as the amount and distribution of rainfall decreasing 
accompanied with high evapotranspiration and resulting deficit in crop available water 
(Kassie et al. 2014c). The risk emanates from such factors expose the crop to water deficit 
at early crop establishment and growth and hence inadequate growth or crop failure in the 
worst situations.  
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However, Belg still holds relevance and greater significance in potential areas (Table 2) if it 
is wisely and appropriately used through improved and targeted technologies and practices. 
For instance, the 2013 Belg cropping season yielded 2.55 million tons (78% of which are 
cereal crops) from 1.5 million hectares of cropped area (CSA, 2014). In the south and south-
eastern areas of Ethiopia, the Belg harvest (>66%) is larger than the Kiremt harvest and 
farmers are dependent on the Belg rain for their crops and livestock. In the western, central 
and northeastern bimodal rainfall regions more rain is received in Kiremt but the Belg rain 
has a significant role for overall production (up to 33% ) as it is an opportunity to sow long 
cycle high yielding crops (Funk et al. 2012a). As depicted in Table 2 several potential regions 
have adequate Belg rainfall for potential use. 
 
 
2.5. Climate risk management and climate smart agriculture (CSA)  
 
The central aim of developing climate risk management strategies is to reduce exposure or 
mitigate the impact of adverse climate events. Managing a given climate risk follows a set 
of processes (Jones et al. 2004; Lim et al. 2005).  The vulnerable farming community in 
No Watershed (Region) Contribution to annual rainfall  
Belg (%) CV  Kiremt (%) CV  
1 Wabi-Shebele 32.6 0.25 42.4 0.21 
2 Blue Nile 2 (Nekemt-Wellega) 19.2 0.28 70.5 0.12 
3 Baro_Akobo 21.9 0.23 60.6 0.13 
4 Omo-Ghibe 31.4 0.16 48.1 0.14 
5 Awash 1 (Metehara Gewane) 22.2 0.38 63 0.18 
6 Rift Valley 23.0 0.32 65.8 0.13 
7 Blue Nile 4 (Debre Markos) 16.5 0.29 71.8 0.09 
8 Blue Nile 5 (Bahirdar) 11.8 0.35 68.1 0.17 
9 Tekeze 16.4 0.48 70.8 0.44 
10 Genale-Dawa 48.8 0.25 20.5 0.29 
11 Blue Nile 3 (Assosa) 17.8 0.36 72.3 0.18 
12 Awash 2 (Dire Dawa) 36.0 0.49 47.2 0.38 
13 Blue Nile 1 (N Shewa & S Wello) 16.1 0.66 78.4 0.32 
 Mean 24.1 0.30 60.0 0.2 
Sourced from Cheung et al. (2008) 
 
Table 2.Contribution of Belg and Kiremt to the annual rainfall and their mean variability in 
thirteen watersheds covering all over Ethiopia. 
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semi-arid regions of Ethiopia uses different adaptation mechanisms in response to climate 
risks or shocks they have been encountering. However, the majority of farmers also do not 
make any or a few measures in response to the risks(Bryan et al. 2009; Kassie et al. 2013) 
due to many factors such as limited resources. When the frequency and complexity of 
climatic risk increases, the conventional or "a business as usual" approaches could be weak 
and inefficient that calls for different and innovative adaptation options and strategies to be 
sought by farmers and their development partners. These approaches have been referred 
as climate-smart agricultural practices in recent literature (Lipper et al. 2014; Steenwerth et 
al. 2014). 
 
Climate-smart agriculture (CSA) is defined in terms of three broad objectives; the first one 
is increasing agricultural productivity for achieving increased income, food security, and 
development; secondly, enhancing resilience and adaptive capacity at various levels (farm, 
landscape, regional and national), and thirdly, minimizing greenhouse gas emissions by 
increasing carbon sinks (Palombi & Sessa 2013; Lipper et al. 2014). CSA encompasses 
technologies, practices, skills, and services that increase agricultural productivity, income, 
and food security sustainably by enhancing farming community resilience to climatic 
stressors while accounting the reduction of greenhouse gas emissions and climate change 
mitigation (Lipper et al. 2014; Thornton et al. 2017). This concept is closely related to the 
well-established environmental and food security concepts such as 'sustainable 
intensification' or 'ecological intensification' in the context of African smallholder farmers 
(Campbell et al. 2014; Vanlauwe et al. 2014; Petersen & Snapp 2015). Campbell et al. 
(2014) explained the role and complementarity of sustainable intensification (SI) to CSA as 
part of a multifaceted essential approaches for global food security in such a way that SI 
contributes to building ecosystem services and increasing productivity and income while 
reducing greenhouse gas emissions per unit output and decreased expansion of farmlands 
to forest and pasture lands.  
 
Climate-smart agriculture (CSA) can be one of such a strategic approach to countries like 
Ethiopia where the economy is largely dependent on climate-sensitive agricultural sector. 
Therefore, Ethiopia planned an ambitious growth and transformation plan (GTP), which aims 
to transform Ethiopian economy into middle income by 2025 basing considerably on the 
agricultural growth (Engeda et al. 2011). Transforming Agriculture is a pivotal point for the 
country's GTP as 85% of the population depend on this sector. However, the existing 
agricultural system "business as usual" approach needs a new paradigm shift in the context 
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of climate-smart agriculture. That is why the green economy strategy or known as Ethiopia's 
Climate-Resilient Green Economy (CRGE) was coined in 2011 (FDRE 2011). One of the 
pillars of CRGE initiative is to improve crop and livestock production practices for higher 
food security and income while reducing greenhouse gas emissions. This objective is well 
suited to the principles of CSA practices and strategically seats Ethiopia on the right track. 
However, detailed implementation plans, and tremendous research and development efforts 
should be employed to achieve the desired goals. We believe this research project 
contributes to the CRGE by researching on aspects of CSA technologies in the most 
vulnerable farming environmental features of the country, the central and southern Rift valley 
of Ethiopia. 
 
Failing to embrace CSA technologies and practices in our future agricultural growth and 
development could result in less resilient and increased risk of food security. Agricultural 
research and developments that mainstream CSA pathways have developed dynamic and 
innovative cropping systems management methods and tools, used more drought & heat 
tolerant crop varieties, and enhanced climate prediction and information dissemination 
services(Lipper et al. 2014; Hochman et al. 2017). In Ethiopia, there has been attempts of 
developing CSA policies, technologies and practices in crops, livestock, fisheries and 
forestry sectors at different scales (FDRE 2011; Tesfaye et al. 2016a). Bryan et al. (2009), 
assessed CSA technologies or adaptation options by farmers in South Africa (n=1800) and 
Ethiopia (n=1000) and the factors influencing their decisions. According to this study the 
most used adaptation options were use of different crops or crop varieties, planting trees, 
soil conservation, changing sowing dates and irrigation. Kassie et al. (2013), also found that 
70% farmers in Central Rift Valley (CRV) and 99% in Kobo do replanting with short maturing 
varieties of same crop or other crops with short maturing when early sowing of longer 
maturing maize cultivars fails. Crop diversification by partitioning their farms into pieces 
(usually 0.25ha or less) and spreading sowings throughout the cropping calendar (temporal 
diversification) used by some farmers as an adaptation option. In-situ water management 
(flood diversion, water harvesting, opening and closing wide furrows following rainfall events 
& tie-ridging) reported as used by farmers in semi-arid regions(Admassu et al. 2007a; Biazin 
& Stroosnijder 2012; Kassie et al. 2013). However, a large number of farmers (e.g. 56 %) 
mentioned that they did not make any adjustments to their farming practices following 
climatic disruptions (e.g. rainfall variability) (Bryan et al. 2009). That is because of the various 
socio-economic, technological and institutional factors impeding the agricultural system in 
the region(Shiferaw et al. 2014). Some of the adaptation barriers mentioned include a 
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shortage of land, lack of climate and technological information and access to credit (Bryan 
et al. 2009). Kassie et al. (2013), also mentioned lack of affordable improved technologies, 
increasingly higher input cost, imperfect output market, inefficient and less developed 
forecasting, and early warning system and increasingly risk-averse attitude of farmers as 
bottlenecks to using CSA technologies and practices. 
 
Conservation agriculture (CA) practices can also enhance farmers’ capacity to better adapt 
to climate-induced risks and regarded as one of climate-smart agriculture practices (Arslan 
et al. 2015; Thierfelder et al. 2017). One of the short-term benefits claimed for CA practices 
is creating an enabling opportunity for early sowing and reducing the risk of crop failure by 
retaining more moisture to the crop root zone (Giller et al. 2011b; Thierfelder & Wall 2011). 
It is recommended that field level technical research outputs are needed by testing CA and 
current practices along with a range of sowing dates in African smallholders’ farmer’s 
situations. Table 3 summarizes some of the major adaptation options employed in Ethiopia 
and their respective drivers of the adaptation processes as well as the constraints hindering 
not to be widely used by the vulnerable communities. 
 
 
2.5.1. Building Adaptation and resilience 
 
Adaptation options Constraints Study sources 
Changing crop & crop varieties lack of access to land, credit and 
climate information 
Bryan et al. (2009);Kassie et 
al. (2013) 
Changing planting dates, crop 
diversification, in-situ water harvesting, 
replanting 
Climate information, risk 
attitude, high cost of input & 
poor market 
Kassie et al. (2013) 
Crop diversification Farmers risk preference, climate 
risk 
Bezabih and Di Falco (2012) 
Soil and water conservation Farmers risk preference, access 
to improved technology 
Nyssen et al. (2010); 
Teklewold and Köhlin (2011) 
Response farming Institutional & climate 
information 
Admassu et al. (2007);Keating 
et al. (1993) 
Conservation agriculture Socio-economic, institutional Rockstrom et al. 
(2003);Rockström et al. 
(2009) 
 
Table 3.Some adaptation options, drivers and constraints to adoption of the technologies or 
practices in Ethiopia 
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The IPCC defines adaptation as “An adjustment in natural or human systems in response 
to actual or expected climate stimuli or their effects, which moderates harm or exploits 
beneficial opportunities(IPCC, 2007 as cited by Nelson (2011). Nelson et al. (2007), also 
defined adaptation as “a process of deliberate change in anticipation of or in reaction to 
external stimuli and stress”. When the adaptation process maintains the integrity and 
stability for further disturbances it becomes resilience. Nelson (2011), more concisely 
defines resilience as the “capacity of a system to absorb disturbances and still remain in the 
same structure and function while maintaining options to develop”.  
 
Therefore, resilience could be the higher step or outcome of adaptation processes. But it 
may not necessarily mean returning to the same condition as it was before rather it might 
mean or resulting in maintaining functionality despite adverse circumstances(Steenwerth et 
al. 2014). Some also argue that resilience could lead to transformative changes demanded 
to alleviate vulnerability and uplifting adaptive capacity of communities under risk but in the 
process of adaptation and resilience(Nelson et al. 2007; Adger et al. 2011; Nelson 2011; 
Steenwerth et al. 2014). Consequently, adaptation processes help to keep the momentum 
of a system or systems resilience. Nelson (2011), concludes that a better reconciliation of 
both concepts (adaptation and resilience) provides a practical and effective approach for 
planning and better response to current variability and future changes in climate. 
 
2.5.2. Farmers risk perception and decision making: implications to adaptation and 
resilience in small-scale farmers context 
 
The farming community in the semi-arid regions of Ethiopia perceive that the climate is 
changing. The change is perceived in terms of decreasing rainfall, increasing temperature, 
narrowing cropping season and reduced river and lake levels and so on (Kassie et al. 2013; 
Getnet et al. 2014). Based on these perceptions, farmers make decisions about their 
agricultural activities and investments. In fact, as an everyday-challenge facing, farmers 
have to make management decisions and some level of risk-taking in the face of many 
“unknowns” & uncertainties (Harrison et al. 2010). 
 
Risk perceptions of farmers have been studied using different theories and principles. The 
most widely used theory in studying agricultural decision making under risk has been the 
Expected Utility Framework theory(Backus et al. 1997; Hardaker et al. 2004; Harrison et al. 
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2010) which assumes “the expected utility depends on the individuals utility functions and 
the dispersion of the outcome” (Backus et al. 1997). Others, however, argue that this theory 
holds limitations in solving the reality of decision maker e.g. farmers operating under a 
handful of risks and uncertainty. Therefore, van Winsen et al. (2013) proposed another 
alternative theory which uses “Cognitive Mapping” as a systematic thinking for the complex 
decision making processes farmers are going through. van Winsen et al. (2013) outlined 
their findings as i) farmers have difficulty to rank or score probability and impact of risks in a 
(semi) quantitative manner ii) farmers attach different meanings to risk and iii) farmers 
perceive risk as being interrelated.  
 
In line with this, Negatu and Parikh (1999) noted that farmers with highly risk-averse 
attitudes combined with other factors, such as the low and inconsistent performance of 
improved technologies and incompatibility of technologies to their circumstances and 
resources resulted in low adoption of improved technologies of wheat in Ethiopia. Yesuf and 
Bluffstone (2009), also found that 30-60% of households in the central highlands of Ethiopia 
tend to be risk-averse. Households experiencing some level of shocks and under chronic 
poverty are more risk-averse. Teklewold and Köhlin (2011), also found that farmers risk 
preferences significantly affecting and threatening the sustainability of natural resources and 
their farming livelihood in general. Their analysis showed that a high degree of risk aversion 
(60-75% categorized from intermediate to extreme risk aversion) decreased the probability 
of adoption of soil conservation technologies in the highlands of Ethiopia.    
 
In the semi-arid areas of Tanzania also rural communities risk perception mainly influenced 
by environmental factors as well as livelihood strategies and gender(Quinn et al. 2003). 
According to this study, agrarian communities (crop production dependent livelihood) are 
more responsive to weather-related problems while pastoralists give more weight to 
livestock diseases, access to grazing land and hunger risks. Regarding gender influences 
towards risk perception, men in Tanzania are more concerned to risk associated to natural 
capital (e.g. land) and women are more inclined to human and social capital problems while 
finance-related risks concerns both gender (Quinn et al. 2003). 
 
Economic and technical efficiencies of technologies alone might not be enough for the 
adoption of technologies and increasing risk aversion tendency of farmers in Ethiopia. 
Rather the interrelated socioeconomic factors such as farm size, income, family size, level 
of education and exposure to information play significant roles(Kebede et al. 1990). Kebede 
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et al. (1990) also observed that farming experiences(negative) and related high degree of 
risk aversion resulted in less adoption of more risky technologies such as single-ox plowing 
and fertilizer application than less risky technologies such as pesticide use. Whereas the 
level of education(Knight et al. 2003) and exposure to outside information (other farmers’ 
experience and rural educational programs) played substantial roles in increasing risk-taking 
attitudes and adoption of improved technologies of average farmers. Other socio-economic 
factors such as land tenure insecurity, access to extension services, the age of farmer 
groups (the younger more risk taker) and household labor mentioned as overriding factors 
of farmers risk preferences towards high-risk aversion in less adoption of technologies e.g. 
sustainable soil conservation (Teklewold & Köhlin 2011). 
 
2.5.3. Agro-climatological information: it’s role for managing risk and increasing resilience 
 
Crop production in semi-arid regions is largely determined by climatic and soil factors. 
Moisture is the most limiting factor in these areas . Hence, the pattern and amount of rainfall 
are among the most important factors that affect agricultural systems (Osman & Sauerborn 
2002). It governs the crop yields and determines the choice of the crops that can be grown 
(Tesfaye & Walker 2004b; Lansigan 2005). Therefore, a detailed knowledge of rainfall 
behaviour which includes information concerning the trends or changes of precipitation 
(Osman & Sauerborn 2002; Admassu et al. 2007a; Cheung et al. 2008); the start, end and 
length of the growing period  (Camberlin & Okoola 2003; Marteau et al. 2011) and the risk 
of dry and wet spells, is an important prerequisite for agricultural planning (Simane & Struik 
1993; Tesfaye & Walker 2004a; Barron et al. 2010). 
 
2.5.4. Seasonal climate forecast and use of climate information  
 
The seasonal climate forecasting (SCF) information with sufficient lead time or before 
agriculturally relevant seasons are commencing have paramount importance not only for 
agriculture but also other important economic and socioeconomic sectors (such as health 
(malaria), energy (hydropower), trade (import & export). Ethiopia from the very nature of 
rainfed, agrarian livelihood and the recently growing demand for climate-smart donor and 
government-initiated development projects, SCF information is becoming a priority. 
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Currently, in Ethiopia, the SCF is given using oceanic and atmospheric variables as 
predictors and based on various methods such as statistical, analog, numerical and 
combination of modelling methods(Gissila et al. 2004; Diro et al. 2008). The National 
Meteorological Agency is the lead and mandated institution to give SCF and it mainly uses 
analog multivariate ENSO index years derived from oceanic and atmospheric variables as 
predictors (Gissila et al. 2004). More specifically, the summer season or Kiremthas been 
forecasted using observed anomalies in tropical and subtropical sea surface temperature 
(SST) (Gissila et al. (2004) and the combination of ENSO and South Atlantic SST (Korecha 
& Barnston 2007). The Belg or spring rain SCF is given based on statistical methods 
considering homogeneous rainfall zones ((Diro et al. 2008) applying multiple linear 
regression and linear discriminant analysis techniques to predictors. This system appears 
to produce more reliable forecasts of the extreme years (driest or wettest) (Diro et al. 2008), 
indicating the potential to be used to identify whether a particular season is likely to fall within 
the upper, middle or lower tercile of the rainfall distribution. 
 
2.5.5. Determination of rainfall onset dates  
 
Investigating the agriculturally relevant rainfall events such as optimum onset dates helps to 
predict the seasonal potential at the beginning of the rainy season (Sivakumar (1988). 
Adequate reviews on onset date criteria and methodologies were documented in (Stern et 
al. 1981; Stern et al. 1982a, 1982b; Sivakumar 1988; Olaniran & Sumner 1989; Ati et al. 
2002; Marteau et al. 2011). The onset date determinations are largely agro-ecological based 
and consider the exceedance of more than a certain rainfall amount thresholds, 
accumulated over a certain period, with the consideration of other factors such as dry spell 
occurrences, soil water contents and evapotranspiration (Segele & Lamb 2005). 
 
Different researchers have used different methods, ranging from the traditional to empirical 
or scientific techniques, for determining the onset date of rainy seasons. Farmers sowing 
rules in Niger uses subjective checking of soil moisture to a certain depth to determine dry 
or wet seeding (Marteau et al. 2011). In Nigeria, the ‘Ramadan’ rule uses planting date on 
7 months after the last effective rain of the previous season(Ati et al. 2002). This sowing rule 
gave the earliest onset date from all methods compared in the study. However, the method 
leads to a higher number of false start (onset dates followed by 7 and more days dry spell) 
occurrences than the rest of the methods.   
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To accommodate most of the factors in determining onset date Ati et al. (2002) used ‘hybrid’ 
of methods. The ‘hybrid’ method uses 25mm rainfall accumulated over 10 days and where 
rainfall is greater than half evapotranspiration (0.5 ETo) and no dry spell exceeding 7 days 
within the next 30 days. Marteau et al. (2011)in Niger used meteorological criteria, at which 
first wet day (>1mm) after April 15 of a 3-day wet spell receiving at least 20mm of rainfall. 
The first day of a wet spell when at least 90% of stations record rainfall (>1mm) at least one 
day in a radius of 300km. Sivakumar (1988), described the onset date in the southern 
Sahelian and Sudanian climate zones of West Africa as the date after first May when rainfall 
accumulated over three consecutive days is at least 20 mm and when no dry spell exceeding 
7 days occurred within the next 30 days. 
 
Country Crop Criteria Reference 
Niger Pearl millet The first wet day of a 3-day wet spell 
receiving at least 20mm without any 10day 
dry spell in the following 20 days from 15th 
April  
Marteau et al. (2011); 
Sivakumar 1988 Sivakumar 
(1988);  
  The ideal sowing date (ISD) the day when 
simulated PAW in soil is greater than 10mm 
at the end of the days followed by a 20 day 
period 
Baleme et al 2005 
Zimbabwe Maize  DEPTH 40 mm rain in 4 days Raes et al. (2004) 
Nigeria  20mm of rain in two consecutive days with 
no 10 days DS within the next 30 days 
Stern et al. (1982a) 
West Africa millet 20mm of rain in one or two successive days Davy et al. (1976); 
Sivakumar (1988) 
The first dekade with more than 25 mm 
rainfall provided that the next decade 
rainfall exceeds half the ETo 
Kowal & Knabe 1972 
 Maize 20mm in 3 days After first May & before 31 
July, reset with dry spell occurrences after 
onset 
Barron et al. (2010) 
Ethiopia Wheat 20 mm effective rainfall in 10 days or 30 mm 
total rainfall in 10 days where rainfall >0.5 
ETo and no dry spell for 30 days 
Simane and Struik (1993) 
 Legumes 20 mm rain accumulated in three days and 
no >7 days dry spell  
Tesfaye and Walker 
(2004a) 
Nigeria  The first point of maximum curvature on a 
graph (plotted from percentage of 5-day 
mean annual rainfall) not followed by 10 or 
more days of dry spell 
Olaniran and Sumner 
(1989) 
 
Table 4. Examples of sowing criteria used to define rainfall onset dates for various crops in 
some Sub-Saharan African countries. 
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In Ethiopia, Simane and Struik (1993), used planting criteria that use 20 mm of dependable 
rainfall in 10 days or 30mm of total rainfall in a 10 day period. Additional criteria used include, 
rainfall exceeding half evapotranspiration and a period without dry spell for at least the next 
30days after the above onset date is established. Based on their analysis the planting 
window ranged between early June and mid-July. Tesfaye and Walker (2004a); Diga (2005) 
and more recently Kassie et al. (2014c) used ’20 mm rainfall accumulated in three 
consecutive days along with no dry spell (>7 days) occurrence in the following 30 days’ 
criteria for determination of onset dates in CSRV regions of Ethiopia. 
 
2.5.6. Length of growing period 
 
The length of the growing period for a crop in an environment depend on the duration of the 
rainy season (onset and cessation), temperature (thermal time) and soil water holding 
capacity and nutrition. The analysis of LGP largely depends on the critical assessment of 
the variations in the start of the rains (sowing opportunities) based on the rainfall amount, 
the probability of dry spell occurrences, soil type and crop type(Ati et al. 2002; Tesfaye & 
Walker 2004b). The risk of water stress during critical growth stages (flowering and grain-
filling) can be minimized by matching the resource available following sowing opportunity 
with suitable cultivars and crops(Tesfaye & Walker 2004b; Huang et al. 2006). 
 
2.6. Dry spell occurrences and management strategies in Ethiopia 
 
The risk of crop failure or low productivity in drought-prone areas is largely associated with 
the occurrences of intra-seasonal dry spells. Barron (2004), argues that the higher yield gap 
observed in SSA is largely due to low yield from co-limitation of water and nutrients resulting 
from poor management during dry spells. Seleshi and Zanke (2004), in their analysis of 
extreme rainfall events and dry spells, categorized the dry spell occurrences into two. The 
first is short dry spell lengths which mostly occurs in Kiremt seasons and lasts from 3.3 days 
to 7.3 days. The second one is long dry spells that occurs at the beginning of the rainy 
season, Belg, and ranges 16.2 to 20.3 days. However, their occurrences are not showing a 
distinct trend over Ethiopia (Seleshi & Camberlin 2006).  
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The definition of dry day varies depending on the approach used and purpose. It is mostly 
defined as the number of consecutive days without noticeable rainfall.  Hence, the length 
and occurrence of the dry spell could be varied due to the thresholds at which dry day is 
defined. Different authors have used a range of thresholds for defining dry spells in the semi-
arid environments. Some used more than one values as the threshold, for instance, Vicente‐
Serrano and Beguería‐Portugués (2003); Ceballos et al. (2004)have used two thresholds, 
in modelling extreme dry spell risk in Mediterranean environments. Sivakumar (1992), also 
used a range of values from 1mm to 25 mm. However, most have used one values, more 
specifically days received less than 1mm as dry days (Tesfaye & Walker 2004b); Seleshi 
and Camberlin (2006). Barron et al. (2010), defined the dry spell as a period of at least 14 
consecutive days with a total rainfall of less than 5mm, which is based on the semi-arid 
typical actual evapotranspiration levels.   
 
Dry spells are a basic risk to crop production in the semi-arid environments of Ethiopia. This 
is because fundamentally 97% of the Ethiopian agriculture is directly or indirectly dependant 
on rainfall which is increasingly variable and vulnerable to dry spell occurrences. It is again 
because of the increased intensity of extreme events, the mismatch between critical crop 
growth stages and adequate moisture availability(Tesfaye & Walker 2004b; Seleshi & 
Camberlin 2006). The widespread degradation and continuous mining of organic matter, 
declining soil structure stability, high infiltration rate and low water holding capacity (which 
leads to low buffering capacity to temporary water deficit) along with high evapotranspiration 
aggravated the problem (Biazin et al. 2011; Getnet et al. 2014). As a result yield stability 
and productivity reduced, risk of crop failure and inefficiency of inputs increased(Kassie et 
al. 2014c). Therefore, dry spell mitigation options should be sought for minimized risk, 
increased water use efficiency and hence successful crop establishment, growth and 
productivity in these environments. 
 
2.6.1. Strategies for dry spell mitigation 
 
Conservation agriculture  
 
In water-limited semi-arid environments, conservation agriculture has been acknowledged 
for in-situ water conservation effect (McHugh et al. (2007) and soil health improvements 
(Rockström et al. (2009). However, these benefits were site-specific (soil and climatic 
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conditions) and length of CA-based systems intervention as anticipated benefits of CA are 
not realized in short-term (Baudron et al. 2012). Despite ample evidence for increasing 
productivity in good seasons as a result of CA-based technologies (Enfors et al. (2011), the 
claim for yield stabilization in bad seasons was not supported by enough evidence. 
 
In-situ soil water conservation practices 
 
Enhanced water availability in crop root zone through various soil water management 
strategies and timely crop and soil management practices proved to be great dry spell 
mitigation tactics. McHugh et al. (2007) for instance, evaluated in situ rainwater conservation 
tillage practices such as tie-ridging for mitigating impacts of short dry spells and achieved 
increased productivity in less sloppy and lower rainfall intensity conditions. Araya and 
Stroosnijder (2010) also reported that tie-ridging and mulching increased plant available soil 
water by 13%. The tie-ridging practice also increased grain yield of barley by 44% and 
minimized the risk of crop (Barley) failure in poor seasons at Mekele, northern Ethiopia. In 
the central rift valley of Ethiopia, Biazin and Stroosnijder (2012) also found that tie-ridging 
and improved soil fertility increased the yield of maize in a range of rainfall conditions. 
However, more result obtained when good season combined with adequate soil water from 
tie-ridging and application of soil fertility input (e.g. manure). A precaution of waterlogging 
from tie-ridging practice in above average years mentioned in both studies, which calls for 
use of appropriate drainage management and implements. 
 
Using early sowing opportunities through dry planting 
 
In-depth analysis of a growing environment soil water supply and crop demand has a 
paramount importance in reducing the risk of crop failure.  The difference between early and 
late sowing is the dates the farmers are playing with uncertainty and their decisions 
associated with risk. In how many of the years it has been early, late or on time needs to be 
explored for further intervention and designing appropriate adaptation measures. Kipkorir et 
al. (2007), indicated that the risk of dry sowing can be reduced by defining appropriate onset 
with a minimum follow up dry spell and appropriate seed dressing ensuring a reasonable 
separation of seed and fertilizer. Two sowing methods (dry and wet) evaluated based on 
daily soil water balance over the initial growth stage (30 days after sowing) in consideration 
of identifying and quantifying the risk of early crop failure (Kipkorir et al. 2007). The study 
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revealed quite earlier germination from dry sowing (9-15 days) than a late wet sowing. 
However, the risk of the false start also increased for dry planting than wet planting (1.5%-
9.9%). Weed control is the major concern during dry sowing, as the weed seeds at the 
surface flush out with the first rain and aggressively compete with the seedlings.  
 
Early sowing should be accompanied with the appropriate fertilization and management. 
Rurinda et al. (2014), reported higher yield and water productivity of sorghum, maize, and 
millet when sown in early or normal sowing windows along with proper fertilization. However, 
this might not be feasible to marginally resourced and highly risk-averse farmers. Sime and 
Aune (2014), recommends micro-dosing (27 kg Urea and 27 kg DAP ha-1) to such farmers 
as less risky but productive and profitable fertilizer recommendation in semi-arid CRV 
climate of Ethiopia. Liben et al. (2015) and Merga et al. (2014) reported the effect of sowing 
depth to dry sowing maize and sorghum. These studies found that sowing depths of 7cm 
and 5cm for maize and sorghum, respectively, were effective in establishing early maize 
cropping on Vertisol soils of central Rift Valley of Ethiopia.   
 
Crop and crop variety selection  
 
In risky and uncertain climates of semi-arid regions of Ethiopia, farmers are challenged with 
decisions related to which crop or variety to grow, where, when and with what management 
so as to produce enough food to secure their livelihood (Hurley et al. 2016; Tesfaye et al. 
2016b). Farmers try to utilize the diversity of adaptation thresholds of crops to climatic 
shocks (e.g. dry spells). Science also tried to develop varieties with such special merits 
(tolerance to stresses) to wider environments. However, matching crops and cultivars of 
crops to their potential environments that could give the required productivity and resilience 
has always been a challenge to science (Hammer et al. 2014; Tesfaye et al. 2015).  
 
Crop diversification and cropping systems management 
 
Crop diversification in space and time under various managements has been offering great 
opportunities for smallholder farmers in increasing productivity and stabilizing yields in 
variable climates of semi-arid regions (Bezabih & Sarr 2012; Rurinda et al. 2014). Cereal-
legumes combination has been at the center-stages of such approaches (Kamanga et al. 
2009; Nageswara Rao et al. 2011; Shiferaw et al. 2014). In addition, the use of cultivar 
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mixtures of the same crop has been a useful practice to minimize the risk of erratic rainfall 
distributions or optimize outputs of opportunistic seasons. In cultivar mixtures, late maturing 
varieties utilize residual moisture in longer seasons as short maturing one's senescence 
shortly (Tilahun 1995). Asfaw et al. (2013), reported that in the southern Rift Valley regions 
of Ethiopia where 88% of farmers grow their local varieties, cultivar mixtures of haricot bean 
practiced by 10% of farmers. Tilahun (1995), studied the effect of cultivar mixtures at 
different densities in semi-arid central Rift valley environments of Ethiopia for minimizing 
climate risk. Accordingly, he found that cultivar mixtures with similar height and synchronized 
flowering yielded 60% more yield than pure stands in poor seasons. The result of this study 
showed that maize yields were more stable in mixtures than sole cropping across seasons 
at optimum density.  
 
Farmers in southern Ethiopia are also known to use the most diversified cropping systems 
with legumes and other root crops for higher land use efficiency (Alene et al. 2006). 
However, the component crops productivity and efficiency should be improved by using the 
best combination of management practices and technologies for sustainable productivity 
and increased resilience. This could be achieved through combined uses of empirical and 
modelling explorations of multiple cropping systems suited to the socio-economic and 
biophysical diversity of the target environment. 
 
2.7. Use of cropping systems modelling for risk and trade-off analysis  
 
A productive cropping system is the outcome of whole-farm level integration of appropriate 
resources (e.g. Land, labor and finances) and management strategies in any given 
environment (Rodriguez & Sadras 2011). This is because commodity oriented (crop or field-
specific) productivity improvements are unlikely to bring the required breakthroughs. Hence, 
larger than plot scale (field or landscape) with more than one commodity or at enterprise 
level systematic innovations and interventions are needed (Torkamani 2005; Le Gal et al. 
2011; Rodriguez et al. 2014). This is because, farmers are operating and making decisions 
in complex and more diverse farming systems where activities are selected, resources are 
allocated among crops, livestock and other enterprises. Hence a more integrated whole-
farm modelling needed to capture most factors affecting productivity in a farming system (Le 
Gal et al. 2011) 
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Nowadays, farming systems modelling and whole farm modelling are becoming essential 
tools and methods for analyzing benefits and trade-offs from alternative options at the farm 
level and beyond (Giller et al. 2011a). Systems modelling are used in a variety of 
applications such as assessing the productivity and sustainability of cropping systems 
(Moeller et al. 2014). Farming system models could be useful in (i) better representing of 
the complexity in farms, processes and their interactions (ii) enabling ex-ante exploration 
and evaluation of innovative and potentially applicable improved technologies in a variable 
system, (iii) giving advisory services to provide better alternative systems to traditional ones 
(Wafula 1995; Le Gal et al. 2010; Le Gal et al. 2011; Andrieu et al. 2012) 
 
The use of crop models in assisting farmers’ decision support system started and applied 
long ago in the developed world. However, in Africa more specifically to Ethiopia, use of 
cropping systems modelling in research and decision-making is at a very infant stage. Some 
of the crop modelling capabilities ( e.g. APSIM) have been tested in the semi-arid tropics of 
the SSA (Keating et al. 1992; Wafula 1995; Dimes 2005; Tittonell et al. 2007; Zingore et al. 
2009; Dixit et al. 2011; Andrieu et al. 2012; Holzworth et al. 2014; Mbungu et al. 2015) and 
other areas that gave a glimpse of opportunity to use it in the system perspective of 
agricultural research and development. APSIM (Agricultural System Simulation Model) has 
recently been used by researchers in an African context (Dimes 2005; Holzworth et al. 2014; 
Roxburgh & Rodriguez 2016; Seyoum et al. 2017; Seyoum et al. 2018). APSIM cropping 
systems model will also be used in this thesis in exploring some of the capabilities of the 
model starting from participatory modelling approach for exploring constraints and gaps of 
current farmers’ practices to the use of alternative options as well as complementing limited 
field experimental observations with long-term modeling scenarios and outputs. 
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CHAPTER 3. Participatory modelling: Exploring key system constraints and 
opportunities in the central and southern Rift Valley of Ethiopia 
 
Abstract 
 
Farming communities in dry semi-arid regions live and adapt to the variable climate using 
their means, resources, and inadequate external support. Rethinking how to use their limited 
resources in a more efficient, productive and targeted way could improve crop productivity 
without necessarily incurring additional production cost. Here we combined participatory 
action research methods with information from an Agricultural Production Systems Simulator 
(APSIM) model to (i) describe farmers’ current farming systems, constraints, gaps and 
opportunities to improve and (ii) quantify the likely implications of changes in productivity, 
risks, and trade-offs from alternative climatic and agronomic interventions.  
The study confirmed that climate variability, low use of fertilizers, animal feed shortages 
during the dry season, and intensive tillage (4-5 times) for weed control, were major 
constraints to crop production and risk management in CSRVE. Results from the 
participatory modelling exercise included quantifying the benefits from improving agronomic 
practices and reducing yield gaps (i.e. 3-4t/ha). Results showed that improving simple 
agronomic practices like timely and early sowing, timely controlling of weeds were the best 
options among poorer farmers. For farmers having some better capacity, top-dressing 50kg 
of Urea/ha, and splitting fertilizer use between DAP and Urea increased productivity by 
15.4% and profitability by 18%. Another scenario explored includes the use of multi-purpose 
forage legumes (e.g. cowpea and lablab) during pre-season rain (250 mm), as an alternative 
to intensive tillage. This also provided an additional source of feed (1.5-3.5 t biomass ha-1) 
for livestock. Here we demonstrated that improving simple agronomic practices has the 
potential to increase total productivity with the existing resources and at no additional cost. 
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3.1. Introduction 
 
Farming communities in dry semi-arid regions of Ethiopia lived and adapted to the variable 
climate using their means, resources, and experiences. However, as the frequency, intensity 
and complexity of risks and vulnerability increased, farmers’ adaptation practices and 
experiences became weak, unsustainable, less effective and productive (Rosell & Holmer 
2007; Kassie et al. 2014a). This further aggravated the problem by deteriorating farmers’ 
capacity to cope with and adapt to the vagaries of climate further trapping farmers into a 
never-ending poverty cycle (Dercon & Christiaensen 2011; Tittonell 2014). Besides, farmers 
climate risk perceptions and decision behavior are biased towards the low level of adoption 
and investment to improved technologies (Yesuf & Bluffstone 2009). Dixit et al. (2011). 
Hansen et al. (2009) also reported that climate-induced risks discouraged farmers from 
investing in improved technologies such as improved hybrid seeds, fertilizers, and farm 
implements. This is likely to result in larger productivity gaps, low profitability, and frequent 
food insecurities. However, it is highly likely that farmers’ perception about the frequency 
and impact of climatic risks are biased (Kahneman & Tversky 1979; Faurès et al. 2010) and 
farmers’ understanding of the likely outcomes from alternative interventions or investments 
could be insufficient to make better decisions.  
 
The participation of farmers in a research process is a fundamental principle in farming 
system research and innovations. Understanding farmers’ needs, priorities, and constraints 
should be at the center-stage of any participatory research approach to improve farmers 
current practices and an effort to adaptation and innovation (Woodward et al. 2008; 
Whitbread et al. 2010; Snapp et al. 2013). Whitbread et al. (2010), demonstrated how 
reconciliation of field experimentation and cropping system modelling platform helped to 
reframe and develop more sustainable farming systems in the Southern Africa smallholder 
farmers circumstances. According to this study, participatory modelling approach allowed 
them to complement information from empirical and field demonstrations, enabled direct 
interaction with farmers and other key stakeholders in the exploration of key system 
constraints and opportunities to generate information for policy briefings and wider use.  
 
Cropping systems models such as Agricultural Production Systems Simulator (APSIM) has 
been used to inform the discussions among farmers and researchers (Holzworth et al. 2014; 
Dimes et al. 2015). Cropping systems models allow for the quantification of multiple 
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interactions and processes in the farming system e.g. the use of different genotypes, with 
different management across different environments. However, the main use of modelling 
in farming systems research has been in the quantification and management of climate risks 
(Whitbread et al. 2010; Poulton et al. 2014), as models once validated can be run for multiple 
seasons allowing assessment of impacts of climate and other factors affecting productivity.   
 
Here we proposed that participatory modelling approaches can be used to generate 
quantitative information to support discussions with farmers about their exposure to risk and 
the implications of alternative options. We combined participatory action research methods 
with information from an APSIM model to (i) describe farmers’ current farming systems, 
constraints, gaps and opportunities for a sustainable intensification option in the central and 
southern Rift Valley of Ethiopia (CSRVE) and (ii) understand the likely implications of 
changes in risks, yields and profits from alternative interventions. An additional objective of 
the approach was to promote active engagement in discussions among farmers, 
researchers and extension officers on local farming issues, risk perceptions and 
opportunities for improvement.  
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3.2. Materials and Methods 
 
3.2.1. Description of study areas 
 
Adami Tulu 
Adami Tulu district is located 167 km southeast of Addis Ababa in the Central Rift Valley. 
The specific site is located at Gerbi-Widena-Boromo Kebeles. Adami Tulu is situated at the 
geographic coordinates of 7◦89’N and 38◦69’E with an altitude of 1662 meters above sea 
level. Adami Tulu district features semi-arid agroecologies with a minimum temperature of 
12.6◦C and maximum 28.5◦C. The district receives mean annual rainfall of 766 mm and 
characterized by a bimodal rainfall with overlapping two cropping seasons-Belg and Kiremt. 
The Belg cropping season starts in March and extends to June while the Kiremt cropping 
season onset in June and ends in September or October. The soil is mostly dominated by 
sandy loam to sandy clay texture.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Map of study sites in the central and southern Rift Valley of Ethiopia. 
Adami Tulu and Shalla were case study sites in this chapter. 
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Shalla 
Shalla district is located 275 km south of Addis Ababa towards the southern part of the Rift 
Valley. The specific site is located at Awara Gema Kebele. Shalla is located at the 
geographic coordinate of 7◦16’N and 38026’E with an altitude of 1683 meters above sea 
level. Shalla district features semi-arid and sub-humid agroecology with a minimum 
temperature of 17.6◦C and maximum 22◦C. The district receives mean annual rainfall of 949 
mm characterized by a bimodal rainfall pattern that extends from March to September with 
an occurrence of prolonged dry spells mainly in April and June.  
 
3.2.2. Farming systems characteristics of the study areas 
 
The farming system of the region is characterized by crop-livestock mixed farming systems. 
The pastoralist livelihood inherited livestock as the integral component of the current farming 
systems where livestock is the main component of the system as a source of income, food 
and draft power (Biazin & Sterk 2013). The two sectors (crop & livestock) are largely 
interdependent, and any factor affecting the crop sector affects directly or indirectly the 
livestock sector and vice versa. 
 
The smallholder farmers mostly grow maize, bean, wheat, and tef under predominantly 
rainfed condition. The rainfed maize-based farming system is an important feature of the 
crop production in the region. Maize is the leading cereal crop in terms of production and 
productivity in Ethiopia. In 2013/14 alone, 6.5 million tons produced by 8.8 million farmers 
on two million hectares of land (CSA 2014).  
 
Maize is mostly grown in the monocropping system, where maize is sown year after year in 
a given plot of land. Moreover, it is a low input low output (maize productivity 55% below 
world average) subsistence where 70%maize produced consumed at home (ATA, 2016). 
The use of modern input such as improved seed, balanced fertilizer, and irrigation is 
minimal. Reports show that only 6.6% use improved seeds and 40% of farmers use 
nitrogenous fertilizer with the rate of 10-20 kg ha-1 Nitrogen (Rashid et al. 2013). Hence the 
system exhibits higher productivity gap, which gives greater opportunity for improvement. 
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3.2.3.  Study Approach: Participatory risk analysis and modelling 
 
A participatory modelling (PM) approach was employed to assess farmers' current practice 
in relation to past and current climate variability and associated yield variability. The process 
was aided by the APSIM model. Prior to the participatory modelling exercise, a survey and 
resource allocation mapping (RAM) was carried out. This was aimed at getting basic 
information on participant’s current farming practices, household resources and allocation 
over crops and seasons. Besides, improved technology uses and preferences, decision 
factors on major agricultural field operations as well as farmer yields were collected. A focus 
group discussion and a face-to-face interview with selected farmers (5 farmers among each 
group at each site) were also carried out at Farmer’s Training Centres (FTC). This helped 
to get farmers views and feedbacks on modelling outputs and simple climate analysis.  
 
Survey and resource allocation mapping 
 
A survey questionnaire was used to collect information on current farming practices, 
household resources and perceptions of climate variability, productivity, and associated 
risks. A total of 40 farmers (20 from each districts-Adami Tulu and Shalla) participated in this 
study. Among the target communities, farmers were selected randomly including women 
farmers with the help of extension officers. Extension officers also helped in providing district 
statistics and crop production recommendations. Most farmers have been involved in 
conservation agriculture-based maize-legume cropping systems project, SIMLESA, since 
2010 where the details of farmers selection and sampling procedures described in details in 
Brown et al. (2017).  
 
Farmers engagement and farm modelling 
 
The participatory modelling activity took place in two sessions (days) each happened 2-3 
hours. The task of the first session was a focus group discussion. An initial farmer 
engagement to gather information on their cropping systems, field and crop management 
and production constraints. During the start of each session, the purpose and processes of 
the discussions were explained. Discussions were mediated and facilitated by extension 
officers and development agents (DA) using local language (Oromiffa).  
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Farmers were also asked to explain individual farm activities e.g. plowing time and 
frequency, sowing, cultivation, weeding, and harvesting. Different color coded stickers, 
representing major farm activities such as land preparation (black), maize sowing (red), 
bean sowing(green) and weeding (blue), were used by farmers to mark major activities along 
with a chart of daily rainfall data received during the 2014 cropping season (Figure 4). 
Farmers used these stickers to indicate on the chart the date of each activity. This helped 
us to understand farmers’ practices and decisions as a function of the cropping calendar 
and rainfall events.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The second task of the first day was resource allocation mapping. Resource allocation 
mapping (RAM) is the method of illustrating and collecting farm elements such as farms, 
houses, livestock, stores as well as information on farm distances from home, farm activities, 
input uses, crops grown (Defoer 2002). Voluntary farmers were engaged to map and 
pictorially represent farmers’ resources (land holdings and relative field locations from home, 
livestock), soil type (local classification & description), field and crop management activities 
(tillage timing, frequency, crop type, cultivar, sowing, fertilization and weeding, etc.) in the 
respective localities. 
 
Figure 4. (a) Farmers allocating coded stickers to describe the timing of tillage, maize 
and bean sowing and weeding operations during 2014 cropping season, and (b) 
results of activity (a) for field 1 along with the chart of daily rainfall for January 1st to 
Jun 25th, 2014 at Adami Tulu site. 
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The second session was a feedback session where results from the analysis of the 
information provided from the first day and the output of modelled sample farms were 
presented back to the participants. The information obtained from the RAM and the 
discussions with farmers were processed (e.g. using frequency distribution) and modelled 
using APSIM. The Modelled yields of farmers’ fields were plotted on charts and discussed 
with farmers. Based on the simulations, discussions were made on the model’s capacity to 
simulate the reported actual farmer yields and simulated yields to identify yield and efficiency 
gaps. Different scenarios were modelled and discussed with the farmers to show what 
opportunities and trade-offs were available to improve productivity and resilience.  
 
The selected farmers’ fields were modelled based on the information given on resource 
allocation mapping and secondary data. A previously calibrated APSIM model with site-
specific climate and soil information (Dimes et al. 2015) and actual farmers’ field 
management and input from RAM used to simulate maize yields (2002-2013). Modelled 
scenarios included: 
 
a) The effect of different sowing dates (such as early versus normal sowing windows) on 
maize productivity.  
b) Alternative weeding frequencies and timings (first weeding at 15 days and second at 30 
days after sowing (DAS) against farmers inadequate (zero or one weeding) or late 
weeding practice (e.g first weeding on 43 DAS).  
c) Demonstrating the effect of increased use of N fertilizer. Most farmers do not top dress. 
The impact of top dressing 50kg urea (23 kg N) on maize yield on top of existing farmers 
practice was explored using APSIM modelling platform 
d) Sowing a forage legume using spring or Belg rain as a source of nitrogen and contribution 
to maize yield in the main season (June-September) 
 
APSIM ex-ante scenario analysis 
 
Simulation of the above cropping systems scenarios was done using model inputs of 
maximum available water of 108 mm at the maximum rooting depth of 120cm. Soil organic 
carbon in the 0-10cm layer set at 1.1%. Sowing density used was 4 plants m-2. Other major 
managements such as sowing dates, cultivar durations, fertilizer amount and dates, weeding 
time and frequency varied based on the above management scenarios sourced from 
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farmers actual practices. Simulation and observed yields of the above scenarios were 
presented and discussed with farmers. 
 
Accessing, cleaning (quality checking) and processing long-term and current daily climate 
data (2014) at both locations and making charts from climate data for facilitating discussions 
with farmers were major tasks during the participatory modelling. Preliminary analysis of 
long-term rainfall data, 1988-2014 for Adami Tulu and Shalla districts (data for Shalla was 
taken from the nearby Hawassa station, which is 30 km south of Shalla), was done for 
characterizing some agronomically relevant rainfall behaviours such as onset dates, rainfall 
amount at the onset dates and monthly maximum dry spell lengths. Long-term mean events 
were compared with the current cropping season (2014) events to characterize the seasonal 
performance along with farmers’ activities and the resulting outcome.  The iterative 
processes and modelling feedback helped to understand current farmers’ practice 
limitations and opportunities that will bring about alternative strategies for expanding 
adaptation niches of farmers and research efforts in the dry semi-arid central and southern 
Rift Valley regions of Ethiopia. Resulting mean observations were compared using Paired t-
test (McDonald 2009). 
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3.3. Results 
 
3.3.1. Climate and other production constraints: from the farmers’ perspective 
 
The participatory discussion revealed that farmers categorize their climate into ‘Kefil 
Kollama’ (which means semi-arid) at Adami Tulu and ‘Weyna Dega’ (mid-highland) at 
Shalla. The rainfall season is divided into two: the first short season is named as Belg or 
‘Gena’ and the second season Kiremt or ‘Negele’ at both locations.  They acknowledged 
that the Belg season is becoming shorter, highly variable and unreliable for crop production 
except for smallscale extra-early or early maturing maize cultivars cultivation for green cob 
harvest to ease food and feed shortage during the transitioning period between the dry and 
no harvest period (March-May) and next harvest (Sep-October).  
 
One of the discussion points for initial farmer engagement was pointing out the most 
production constraints and challenges in the local perspectives. It was mentioned that the 
most dominant constraints for maize production were rainfall variability and accompanying 
occurrences of pest and diseases (stalk borer, nematode, and rust), input (seed and 
fertilizer) price increase, input availability and access; and labor shortage during peak time 
as well as shrinking of farm size.  
 
Labour shortage due to increased demands by most farmers during sowing, weeding and 
harvesting times are becoming a growing concern. Increasing family size and resulting 
shrinking of land holdings as traditionally a newly married son given land from family farm 
for his living was another social dimension of the constraints and challenges. Poor market 
(mainly attributed to much lower prices at harvest time), lack of drought-tolerant early 
maturing cultivars during late seasons and lack of improved management technologies were 
added to the list of challenges to their farming livelihoods. 
 
Regarding bean, the major concern was bean pest and disease (‘Ramo’ or bean stem 
maggot). Particularly, when the disease incidence appears together with climate stress (dry 
condition) the damage has been greater to bean yield.  Poor agronomic practices such as 
seed broadcasting and resulting poor germination and population stand as well as weed 
management practices were mentioned by farmers as equally challenging concerns to bean 
production. 
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3.3.2. Farmers’ household profile 
 
The average farm size of the participants was 2.5ha at Adami Tulu and 2.2 ha at Shalla. 
The frequency distribution shows that majority (65%) of the farmers own 1-3 ha of land which 
is entirely used for cropping (Figure 5a). The farm could be located at one location or 
fragmented at different locations. The survey results show also land holdings are relatively 
larger at Adami Tulu than Shalla. The average number of fields is 2 and the majority of 
farmers own two-three fields (Figure 5b). The fields are located at both soil type locations 
as discussed below and are used for growing maize on most fertile sites and others on 
marginal ones. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
2
4
6
8
10
<1 1-2 2-3 3-4 >4
Fr
eq
ue
nc
y
Cropped Area(ha)
Adami Tulu Shalla
a
0
2
4
6
8
10
12
14
<2 2-3 3-4 >4
Number of fields
Adami Tulu Shalla
b
Figure 5. Frequency distribution of (a) cropped area owned by participant farmers and 
(b) the number of fragmented fields per farmer in Adamitulu and Shalla districts 
Figure 6. Frequency distribution of livestock holdings expressed in Tropical livestock 
unit (TLU) for the households participated at Adamitulu and Shalla. TLU conversion 
factor (cattle=0.7, sheep=0.1, goat=0.1, donkey=0.8, camel= 1.0 etc.) was based on 
Chilonda and Otte (2006).  
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The average tropical livestock units (TLU) owned by the participating farmers was 5 at Adami 
Tulu and 6 at Shalla. As shown in Figure 6 the majority of farmers own 4-7 live animals. 
Which implies the considerable significance of livestock in the crop-livestock mixed farming 
systems and the need for a sustainable source of feed. 
 
3.3.3. Characteristics of current farming systems: lessons from focus group discussions 
 
As described by farmers, their soils are categorized into ‘Chirecha Walmaka’ (a light and 
less fertile sandy soil) and ‘Gabata Guracha’ (a black and fertile sandy loam soil). They 
explained that the sandy soils are as a result of sediments accumulated from the mountains 
due to erosion. Most farmers have farm fields with both soil types and allocate crops to the 
different soils accordingly. They grow maize mainly on ‘Gabata Guracha’ soil while bean, 
tef, and millet usually allocated to ‘Chirecha Walmaka’ soil. 
 
Maize and bean are the dominantly grown food and cash crops at both districts. In addition, 
wheat at Adami Tulu and tef and millet at Shalla are grown as secondary important crops 
(Figure 7). The secondary crops are grown based on land availability and suitable climatic 
and socio-economic conditions. Farmers with more lands (greater than 1 hectare) grow 
more diversified crops. On the other hand, land-constrained farmers only diversify crops 
when the season is late to sow maize, then they grow bean or millet. Tef and potato are 
grown during Belg season (March-May). As explained by farmers, short maturing maize 
cultivars were grown in the pre-season or Belg rain to consume as green cob to relief the 
food deficit in households that finish their maize stock before the main season harvest. Early 
sown fields are usually followed by bean or potato cropping in the main season. 
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Mostly, crops are grown in monocrop. As farmers explained, they also sometimes rotate 
maize fields with bean without compromising maize yields. The rotation pattern follows 
maize followed by bean. Tef and millet are also rotated with bean and vice versa in the same 
season or between seasons. However, long maturing maize cultivars are cropped once in a 
season. 
 
Cropping Calendar 
 
In the discussion with farmers, farmers also revealed their cropping windows and crop and 
cultivar preferences. Table 5 summarizes the early, normal and late sowing windows and 
farmers preferred cultivars and crops used at each sowing window. According to farmers in 
Adami Tulu, early maturing maize cultivars such as M1 (Melkassa1), a short maturing 
cultivar, is sown following early rainfall event for using as food (the green cob) to humans 
and feed (green residue) to livestock. Some farmers also prefer a medium maturing cultivar, 
BH543. In normal seasons medium (BH543) to late maturing (BH540) as well as other 
commercial hybrids such as ‘Shalla’ are used. In late seasons, they mainly use the Melkassa 
series open-pollinated cultivars (M1, M2, M4, and M6), MH130 (Melkassa hybrid- a recently 
released hybrid for dry lands) and Shalla (Pioneer short maturing hybrid for drylands).  
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Figure 7. Frequency distribution of crops grown in the study 
areas. 
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In Shalla district, early sowing is done with teff (a staple and cash crop which matures shortly 
in Belg season) and bean. If maize is planted in early sowing window, Melkassa-2 (M2) 
cultivar is a preferred cultivar. The normal sowing window is usually dedicated to maize 
sowing with the most preferred BH540 hybrid (Table 5). Other alternative cultivars from 
Pioneer such as Shone and Lemmu are also used. Late during the season, again M2 was 
the preferred cultivar as far as maize is concerned. Otherwise, bean and millet, are 
secondary choices to cover lands in late sowing seasons. 
 
Farmers’ sowing rules 
 
Farmers sowing decisions are the most noticeable and major activity in a farming household 
and community. Therefore, it is guided by climate condition, farmer experience, traditional 
believes, elders and ‘elite’ farmers advice or other external factors such as extension advice 
or availability of inputs. According to participating farmers, rainfall events (at least two 
consecutive days), adequate moisture check (by dipping a hoe or stick into the soil), 
checking soil firmness when held by hand, and social aspects such as peer farmers’ 
activities guide farmers decisions for sowing. Therefore, when a farmer has a well-prepared 
field (at least plowed 2-3 times), the occurrence of at least two rainfall events, the presence 
Table 5. Summarizes sowing windows and preferred crops or maize cultivars to 
respective sowing windows as categorized by farmers. 
Location Period 
category 
Sowing 
windows 
Preferred crop/ cultivars 
Adami Tulu Early April 14-20 M-1(90), BH543(120) 
 Normal May 3-28 BH540(140), BH543(120), Shalla (90) 
 Late June 7-17 M1(90), M2(130), M4(105), M6Q (120), 
MH130(120), Shalla (90), BH540(140) 
Shalla Early March 12-23 Bean and teff 
  March 14-29 M2, Pioneer maize, BH540 
 Normal April 18-May 13 BH540, Shone, Lemmu 
 Late May 13-June 8 Hawassa, M2 
Note: the numbers in brackets are maturity duration of respective maize cultivars 
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of 15-30cm deep soil moisture and looking at fellow farmers actions or decisions triggers 
sowing. When one of these fails to happen sowing delays. Moreover, other factors such as 
the availability of seed, fertilizer, and availability of draught animals and the health of farmer 
affect sowing decisions and dates.  
 
Farmers in Adami Tulu usually tend to sow crops during Belg rain. According to farmers, the 
main reason for early or Belg sowing was to get green cob harvest for quick food relief to 
feed family and stover to animals. Other reasons include, not to miss early sowing 
opportunity as they are not sure of upcoming sowing condition for maize. They also 
mentioned that early sowing has a risk of moisture shortage, birds and wild animals attack, 
theft and animal damage or graze. The extension system does not recommend early sowing 
as it exposes to risk of a false start. However, if the farmer insists to sow they (extension) 
give advice on cultivar choice and input application to use extra early cultivars with lower 
fertilizer rate. At the same time, there are also factors that persuade farmers to sow late. 
Factors include lack of draught animals, delay in onset of dependable rainfall, shortage of 
seed and fertilizer due to delay in supply or farmer own resource constraint. Sometimes 
prevalence of pest and disease on early planted maize also pushes the sowing decision 
towards late sowing or re-sowing either with short maturing maize cultivar or other small 
cereals such as wheat and tef. 
 
In Shalla site also the main drivers of early sowing decisions were the occurrence of 
adequate Belg rainfall, a double cropping opportunity, rotation and increasing demand for 
feed to animals. Farmers also mentioned other motives for sowing early such as early 
farming activity gives more time for later activities such as weeding and land preparation 
and sowing of additional farmlands. It also an opportunity to have increased production and 
income. Similarly, late sowings are also attributed to other constraints such as late rainfall 
or intermittent dry spells (create uncertainty and persuades some farmers to push into late 
sowing window), shortage of draught animals, seed and fertilizer. Farmers also mentioned 
the risk of late sowing as it exposes maize to pest infestation (e.g. stalk borer) and poorly 
filled grains. Generally, the farmers’ sowing rules are similar at both sites. According to 
farmers, too wet or too dry condition was regarded as unfavorable for sowing as it results in 
poor germination. 
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Fallow periods 
 
In a dominantly monocropping system or in situations when unreliable early onset for maize 
happens or missing first rains or when late sowing occurs, the majority of farmers’ fields 
remain fallow within the Belg season (March-May) and partly in the main season (June-
July).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
According to farmers’ sowing windows, 3-4 months remain fallow (Figure 8), which could 
have been exploited by crops such as forage legumes and other cover crops to produce 
additional biomass for livestock feed and soil cover purposes. The growing and use of forage 
or grain legumes in Belg season were discussed with farmers as an alternative to intensive 
cultivation for weed control. Farmers appreciated the idea and raised some questions as a 
matter of concern. For instance, the questions from Adami Tulu farmers were: Do we need 
to plow for sowing forage legumes? Are we using seed or seedling? Do we need to add 
fertilizers for growing them? How does it control weed? How could it be used for cattle feed, 
grazed or cut? and so on. These questions on the cultivation and use of forage legumes in 
the pre-season suggest that farmers understood and showed interest in the new fallow 
management strategy.  
Figure 8. Fallow periods until maize (long or short duration), bean, teff, wheat and 
millet are sown based on farmers’ sowing windows. The blank bars indicate fallow 
and the black filled bars are cropping periods. 
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3.3.4. Crop and field management: current farmers practices 
 
Land preparation and sowing 
 
Traditionally, land preparation is the main component of farming at both sites. On average 
farmers perform at least three tillage operations per field before sowing and one more tillage 
at sowing for maize. In 2014 season, tillage started in January at Adami Tulu and February 
at Shalla (Figure 9). They keep plowing in fields allocated to small cereals such as tef and 
wheat to control weeds and to prepare fine seed bed. However, sowing started early in 
March at both locations. Major maize sowing was done in April and May at Shalla and Adami 
Tulu, respectively (Figure 9). Following maize, bean was sown in June at Adami Tulu and 
May at Shalla (some farmers sow bean as early as in March and second sowing in July; that 
is why bean sowing distributed from March to July at Shalla-as can be seen in grey bars in 
Figure 9). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Type of farmers’ preferred maize and bean cultivars grown 
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Figure 9. Farmers major activities distributed across cropping months in the study 
areas (This data is obtained from color-coded sticker activity of farmers). 
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Among the crops grown, maize has the most commercially and publicly available hybrid and 
open-pollinated cultivars (OPV). According to the survey, the most widely used maize 
cultivar was BH540 followed by BH543 mostly grown at Adami Tulu. In 2014 cropping 
season alone, it was grown by 81% of the farmers at Shalla and 48% at Adami Tulu (Figure 
10). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The other most widely used OPV cultivar is M2 (Melkassa-2), 8% and 19% at Shalla and 
Adami Tulu, respectively (Figure 10). Regarding bean, Nassir- a red medium sized bean 
cultivar, is the most widely (97%) preferred and grown cultivar for its commercial and 
consumption purposes in Shalla (data not shown). In Adami Tulu, the white seeded Awash1 
cultivar was the most preferred (73%) bean cultivar followed by White Michigan (WM) bean 
cultivar. 
 
Weeding and fertilization 
 
The resource allocation mappings (RAM) of randomly selected farmers provided detailed 
management on 14 fields (7 maize, 5 beans, 1 millet, and 1 tef) used by farmers in 2013. 
Twelve fields are sown with maize and bean received DAP (Diammonium phosphate-18-46-
0) while 3 maize fields received Urea only.  
Figure 10. Percentages of maize cultivar types grown in the study areas as preferred 
by farmers participated in the survey (n=40). 
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As a blanket recommendation, 100 kg DAP at sowing and 50 kg Urea at inter-cultivation 
(35-40 DAS) per hectare is recommended by extension system. However, as it was revealed 
from the discussion and resource allocation mapping, DAP has been applied less than the 
recommended rate and a few or no top dressing done with Urea. Moreover, according to 
the participating farmers, early sowing of maize, bean or tef are not usually fertilized. This is 
because farmers want to avoid risk of crop failure or think that is a ‘try or gambling with the 
season’ and do not need to invest much. Others also mentioned that fertilizer ‘burns’ the 
crop in drier conditions. 
 
Following group discussion on results of farmers current practices, the importance of top 
dressing was picked as an important issue to further analysis using participatory modelling. 
The modelling scenario carried out explained how top dressing with a bag of Urea (50 kg) 
significantly improved the yield of current farmers’ productivity (result presented in Figure 
13). 
 
Weeding is mainly carried out by hand-weeding during in-crop and by tillage prior to sowing. 
As it was discussed with participating farmers and from the survey (see Figure 9) on average 
two weeding or at most three done in a season. The first weeding is done with cultivation 
using hoe ideally on 15 DAS; the second is done by hand weeding on 21-25 DAS and the 
third as inter-cultivation using oxen drawn plowing at 35-40 DAS. During the discussion, it 
was noted that some farmers did their first weeding quite late (43 DAS) and experienced 
yield penalty up to 35%. This farmer field was modelled and used as conveying the message 
how appropriate timing and weeding frequency could improve productivity (see Figure 14). 
 
Sowing decisions and seasonal rainfall distributions 
 
Farmers sowing decisions follow rainfall events or patterns as it is illustrated in Figure 11. 
For instance, the maize sowings at both locations coincided with the big rainfall events in 
April at Shalla and in May at Adami Tulu. The earlier rainfall events in February and March 
have been used for tillage and a few tef and bean sowings at Shalla. 
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The sharp drop of rainfall during April, mid-May and June at Adami Tulu and mid-April and 
early June at Shalla (see Figure 11) might have caused some stresses on maize crop sown 
in April and May at both locations. This calls for further analysis of long-term rainfall record 
for onset dates and dry spell occurrences to understand the effect of seasonal rainfall 
behavior on early and late sowing decisions.  
 
3.3.5. Participatory modelling outputs of simulated scenarios 
 
Comparison of sowing windows and maize maturity types 
 
The initial idea for this simulation was emanated from farmers concern of the trade-offs 
between their variable sowing date decisions and respective cultivars used during 2014 
participatory risk analysis and modelling workshops. Hence, the earliest sowing window 
(between March 24 and April 24), normal sowing window (between April 25 and May 28) 
and late sowing window for any maize sowings after June were used. Other management 
input kept same as explained in the methodology. Accordingly, the normal window showed 
significantly higher (p<0.05) yield than the earlier sowing window. The mean yield of normal 
sowing window was 4.3 t ha-1 while the early sowing window gave average simulated maize 
yield 3.1 t ha-1. This gives a yield sacrifice of 1.2 t ha-1 for early sowing including zero yields 
Figure 11. Shows major crop sowing events along the ten-day rainfall 
distribution in 2014 cropping season 
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in 17% of seasons (Figure 12a). In 75% of seasons, the normal sowing window gave better 
yields than the early sowing window. During group discussions with farmers on the 
simulation results, farmers also noticed or faced such risk of crop failure or yield penalty 
from early sowing decisions. In fact, about 20% of early season gave better yields than 
normal sowing windows. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The farmers’ use of cultivars to match seasonal conditions shows some inconsistency or 
insensitivity to cultivar choices (e.g. BH540 used in all seasons-see Table5). Hence, it was 
a worthwhile exercise to see a scenario such as comparing the performance of two 
contrasting maize maturity groups (e.g. BH540 and MH130 representing late and early 
maturity groups, respectively). The comparison of the simulation result showed that 
relatively higher performance and stability across seasons for early maturing cultivar 
(MH130) (Figure 12b). However, the paired t-test of the two cultivar means did not show 
significant differences between the use of the two cultivars. In magnitude, the early maturing 
cultivar recorded higher yields in 58% of seasons (n=12) while the late maturing cultivar 
exceeded the yield of the early maturing cultivar in 42% of the seasons. 
 
Comparison of improved practices and farmers practices 
 
Figure 12. Simulated maize yields a) from early sowing window (March 24-April 24) 
and normal sowing window (April 25-May 28) at Shalla b) relative performance of 
late maturing BH540 and early maturing MH130 cultivars in Adamitulu. 
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The typical poorly resourced farmer's practice is unable to meet proper crop input and 
management practices such as delayed land preparation and sowing, inadequate 
fertilization and delayed weeding. A farmers’ field from the RAM who used no fertilizer and 
delayed first weeding (43 DAS) was used as a case study in the participatory modelling. The 
actual low input and poor management results were compared with the simulation result of 
simple practice changes such as early weeding at 21 DAS and application of a bag of urea 
(23 kg N ha-1) scenarios, gave 39% and 64% yield increase compared with farmer’s practice 
which was delayed weeding and no Urea application (Figure 13). Farmers also noted the 
yield gaps from such simple improved management, however, they said the soaring price of 
fertilizer and labor cost has not been affordable by some of the poorly resourced smallholder 
farmers. This suggests that for this type of farmers, cheap and alternative nitrogen sources 
and weed control methods are crucial.  
 
In most cases, it was not only the limited capacity to purchase inputs such as fertilizer but 
also an inefficient use of available resources and investment options result in below average 
yields. For instance, from the 14 farmer fields examined one farmer applied 200 kg DAP on 
two hectares at sowing (April 23) but no top dressing with urea. All the money was invested 
on DAP, which supplied 18 kg N per 100 kg of DAP. We assumed that what if this farmer 
splits this investment into purchasing DAP and Urea and apply to the crop while other crop 
management elements remained the same. Simply this increased the total N input from 18 
kg to 32 kg (from application of DAP and Urea, 50 Kg ha-1 each). 
 
The simulated yield showed that the split fertilizer investment yielded significantly (p<0.05) 
better maize yield than the earlier practice (DAP only) (Figure 14). Besides a reduced 
spending compared to DAP only. Therefore, the split investment increased productivity by 
15.4%. This disproportional use and investment on fertilizer input were also noticed from the 
data collected from all the RAMs. For instance, a total of 22 bags (each 50 kg) of DAP was 
purchased by the participating farmers to apply on their 14 fields whereas only three bags 
(50 kg each) of urea was purchased. This gives the average investment ratio of 7:1 to DAP 
and Urea. However, the blanket recommendation for the region is 100 kg DAP and 50 kg 
Urea per hectare, which gives a ratio of 2:1. 
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Maize yield following pre-season forage legume cover crop 
 
The need for cheaper and alternative source for nitrogen as well as weed control derived 
the examination of alternative options such as growing forage or grain legumes during the 
Figure 13. Simulated yield of farmer’s practice (weeded on 43DAS and no 
top dressing) compared to single weeding on 21 DAS and top dressing 
(23 kg N) at Adami Tulu. 
Figure 14. Simulated yield of comparing farmer’s application of DAP (18 kg 
N) without top dressing urea and splitting same fertilizer investment between 
DAP and urea (which gives 32 kg N). 
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pre-season rainfall (>250mm). The idea was subjected to ex-ante analysis using the APSIM 
model. A lablab generic crop module in the APSIM model was used as test forage legume 
crop. The lablab was assumed to grow for three months in the pre-season and knocked 
down to sow maize in the maize growing season. The simulated result showed that 3.8 t ha-
1 and 5.2 t ha-1 mean maize yield obtained at Adami Tulu and Shalla because of maize after 
lablab cropping, respectively (Figure 15). 
 
 
Besides, 1.5 and 1.3 t ha-1 average biomass yield was obtained from growing of the lablab 
in the pre-season (Belg). The biomass yield from lablab could be increased to 3.5 t ha-1 if it 
was allowed to grow longer than three months with the intention of succeeding with short 
duration maize cultivar in June.  
  
Figure 15. Simulated maize yields following pre-season (February-April) sown lablab at 
Adamitulu and Shalla during 2002-2013. Maize sowing window of April 25-May 18 used. 
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3.4. Discussion 
 
3.4.1. Current cropping system practices, resources, and constraints 
 
The study areas have relatively contrasting climatic and cropping features. The semi-arid 
climatic condition in Adami Tulu and the sub-humid climate in Shalla dominates the 
agroecological zone. Accordingly, the productivity gradient of the climate increases from the 
semi-arid to sub-humid sites. Farmers outlined production constraints which are confounded 
with one another. Climate variability and resulting moisture deficits at critical cropping 
periods was the most important production limiting factor mentioned by the majority of the 
farmers. Equally important, inadequate nitrogen input, pests and diseases, and poor crop 
management (e.g. untimely weeding) were the most important factors limiting crop yields 
and farmers productivity in CSRVE. Access to land (getting narrower or unavailable for 
young farmers) and land fragmentation was also mentioned as production constraints. 
 
Farmers spend large amounts of resources and energy on tillage operations for weed control 
purposes. For instance, land fragmentations make farming difficult to manage during peak 
agricultural activities such as land preparation, sowing, weeding, and harvesting. Alemu et 
al. (2017) reported that 38% of the variation in farmland productivity was explained by land 
fragmentation in Ethiopia. However, others argue that land fragmentation stimulates more 
diversification of production and income (Ciaian et al. 2015). Which in turn helps to manage 
risk by spreading it among diverse farm enterprises. 
 
The farmer's traditional classification of climate and soil types of the study sites was well in 
line with the established knowledge. Which implies, farmers have the right perception and 
knowledge about their farming environment which may play a decisive role in the decision 
making of farming activities. Understanding the local soil variability by farmers and the 
allocation of crops based on the relative importance and nutrient requirement was an 
essential lesson from farmer’s discussion. Farmers allocate different crops to different soil 
types in the fragmented farmlands. That is because farmers own parcels of the farmland 
with at least one of the two dominant soil types, based on their classification. Main crops (in 
terms of food and market importance) such as maize usually allocated to ‘Gabata Guracha’, 
a relatively fertile black sandy loam soil. Whereas bean, teff, and millet allocated to the other 
soil type traditionally known as ‘Chirecha Walmaka’, a relatively less fertile sandy loam soil. 
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Laekemariam et al. (2017) also reported the relationship of farmers’ soil types and crop 
responses and noted that soils classified as poor soil fertility exhibited a declining yield. 
Which implies farmers understands the soil variability in their farmlands and this knowledge 
could affect the rational allocation of crops with high fertility demand and yield potential to 
the relatively fertile soil type and vice versa. 
 
The production system of the CSRVE is dominated by a few cultivars of maize and bean 
crops. For instance, the widely used BH540 maize cultivar has been in the production 
system for more than 20 years. Improved technologies and new cultivars have been 
promoted and released, respectively, but the adoption rates and real changes had not been 
realized. The problem of adoption of a few cultivar options could be stagnation of yield 
potentials, dependency on narrow cultivar choices, demand and price increase (which 
persuades farmers to recycle seeds), the danger of disease and pest outbreak. Some argue 
that breeding could result in narrowing the genetic bases of cultivated crops, known as 
‘genetic vulnerability’ (Keneni et al. 2012). When farmers further narrow down the diversity, 
the resilience of the system to natural shocks could drastically be decreased and farmers 
could be exposed to such risk more often.  
 
3.4.2. Participatory modeling approach improves risk management skills of smallholder 
farmers 
 
Farmer participation is a key for a successful participatory approach to achieve sustainable 
practice change and improvement of agricultural productivity in the face of climate risks and 
associated vulnerabilities. The increasing complexity and vulnerability of smallholder 
farmers to such production and livelihood constraints need innovative and engaging 
approach. One of such an approach has been participatory modelling (PM), where 
participatory research activity involving computer models, local climate and soil information, 
actual farm practices used as an input to help the co-learning among farmers, researchers 
and local experts(Whitbread et al. 2010; Dixit et al. 2011; Snapp et al. 2013). The approach 
allowed us to understand how farmers could be engaged effectively (e.g. the color-coded 
stickers activity), how they process information and how to better communicate the main or 
home-take message. 
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The iterative nature of PM allowed farmers to examine and compare the performance of 
their current practices against improved options and the risk associated with it. Three 
scenarios compared, early versus normal sowing window; late versus early maturity type 
maize, late versus early (timely) weeding. Besides, the importance of nitrogen application 
(top dressing) on maize productivity as well as double cropping options using Belg season 
rainfall on maize productivity modelled and discussed with farmers. Farmers were able to 
demonstrate the high and low yield outputs from the different scenarios tested. Results 
indicated that in 75% of seasons farmers’ sowing windows gave better yields (28%) than 
early sowing windows. Early sowing windows failed to give harvest in 17% of seasons, 
however, in 20% of seasons early sowing gave a higher yield than normal sowing windows. 
This was confirmed by the farmers as they reflect their experiences where false starts of 
seasons exposed them less or no harvest in some seasons while some early season sowing 
gave them bumper yields. Similarly, the use of early versus late maturing cultivars in a 
seasonal condition showed such trade-offs. Modelling revealed that in 58% of seasons early 
maturing cultivars gave higher yields than late maturing cultivars at Adami Tulu.   
 
The crop management (proper weeding and fertilization) scenarios also conveyed important 
lessons to farmers. A case study farmer was used to model how timely weeding and 
adequate fertilization could affect maize productivity. This implies reallocation of limited 
resources in a more efficient, productive and targeted way could improve crop productivity 
without necessarily incurring additional production cost (Rusinamhodzi et al. 2016). 
Moreover, we observed the use of pre-season rainfall to forage legume sowing could give 
an alternative option to improve nitrogen supply to the system without many trade-offs with 
maize cropping and productivity. We believe this type of participatory and co-learning 
platform could build farmers confidence to invest their limited resources to best preferred 
technologies and practices with improved understanding and risk profile. 
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3.5. Conclusion  
 
The Ethiopian central and southern Rift Valley region farming system is challenged by 
various forms of production constraints which are confounded with one another. The crop-
livestock mixed farming system is an important feature of the region. Any recommendation 
for designing sustainable and resilient system should also closely consider and examine 
trade-offs and interactions between crop production improving technologies and animal 
husbandry. The productivity and efficiency gaps along with untapped biophysical and other 
potentials create huge opportunity to improve the farming system of the region. 
 
Climate variability and resulting moisture deficits are the most important limiting factors. Poor 
crop management (e.g. untimely and inadequate weeding), inadequate and inefficient 
fertilization, pest and disease outbreaks are the most important factors constraining crop 
yields and farmers’ productivity. From the other dimension, land fragmentation, lack of 
access to land, and unreliable land tenure system have direct and indirect challenges to the 
farming system of CSRVE.   
 
The low productivity of farmers was not only a result of low input but also inefficient 
investment and mismatch of available resources. This is also manifested by the under-
utilized improved technologies and seasonal opportunities i.e. wetter than average years. 
The underutilization of resources could be attributed to higher than actual risk perceptions 
(risk aversion) of farmers. 
 
The increasingly higher prices of nitrogen and decreasing resources of small-holder farmers’ 
calls for cheaper and alternative sources of nitrogen and weed control methods. Hence the 
utilization of Belg rainfall for growing multiple purpose crops such as legumes could help 
farmers to solve these problems without incurring additional resources. 
 
The relative merits and importance of new cultivars and crop management practices should 
be adequately demonstrated to farmers by tailoring to their local production system. This 
improves the adoption of new cultivars and practices by farmers, which provides more 
choices, diversity, and resilience.  
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From an agronomic perspective, simple recommendations such as suitable sowing dates, 
adequate and site-specific fertilizer recommendations, appropriate and timely weed 
management techniques are required. Soil water monitoring methods, climate forecast 
information and creating suitable and participatory action research platforms to engage 
farmers to the process will add up to the benefits. Exploring more robust methods and 
decision-making rules would be very helpful to help farmers make better-informed decisions. 
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CHAPTER 4. Climate variability impact and opportunities in maize-based cropping 
systems of central and southern Rift Valley of Ethiopia 
 
Abstract 
 
In the drought-prone maize-based farming systems of central and southern Rift Valley of 
Ethiopia (CSRVE), seasonal and intra-seasonal climate variability and associated risks put 
farmers under challenging conditions. Although the region has an inherently vulnerable 
system to climate variability and extreme weather conditions, we argue that there are 
potentially utilizable climatic and agronomic options to enhance productivity and resilience. 
Hence, this study was carried out with the aim of understanding and characterizing important 
climatological events (such as rainfall variability indices, onset and end dates, dry spell 
frequencies etc.), and associated risk. Moreover, ex-ante analysis of the impact of climatic 
risk and possible system opportunities was carried out using APSIM model. 
 
The climate analysis revealed 30% dry seasons and 70% normal to wet seasonal 
frequencies with 531-652 mm and 767-1117 mm of mean annual rainfall totals, respectively. 
The climate has a bimodal rainfall seasonality with two cropping seasons, Belg (March-May) 
and Kiremt (June-September). The probability of dry spell >10 days was higher (>68%) 
during Belg and tends to become minimum (<10%) in Kiremt. Early sowing opportunities 
could happen as early as March at Shalla and mid-May at Melkassa and Adamitulu districts. 
Subsequently, the mean length of growing period extends from 106-149 days for Belg 
sowing opportunities and 74-92 days for Kiremt sowing windows. The ex-ante modelling 
analysis revealed that Belg sowing window gave highly variable yield (CV=43-47%) and 
failed to meet the household food demand threshold (>2 t ha-1) in 16-21% of seasons. Kiremt 
sowing windows gave more stable and higher yields (4-7 t ha-1) with a risk of terminal 
stresses. These findings suggest that there are opportunities to enhance the productivity 
and resilience of the system. This necessitates the design of flexible and tactical cropping 
system strategies that enable to minimize risk in drought seasons and increase productivity 
in potentially suitable seasons. 
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4.1. Introduction 
 
Climate variability in Ethiopia affects not only the livelihood of the smallholder farmers but 
also the economy, environmental and socioeconomic conditions of the entire country. A 
slight fluctuation from the mean can translate into pronounced changes on farmers’ 
livelihoods and their capacity to achieve food self-sufficiency in drought-affected areas such 
as the central Rift Valley (Hellmuth et al. 2007; Conway & Schipper 2011). The disastrous 
famine years of the 20th century (1965,1972-73, 1983-84, 1987-88 and 1997) and the more 
recently 21st century drought seasons (2002-3, 2009, 2015-16) were mainly the 
consequence of below average rainfall during cropping season (Belg and Kiremt) (Wolde-
Georgis 1997; Meze-Hausken 2004; Seleshi & Zanke 2004; Gray & Mueller 2012). The lack 
of progress in developing more resilient and productive farming systems, which was referred 
as 'production failure' by (Devereux 2009), remains one of the main factors for not achieving 
food security in Ethiopia.  
 
The dominantly rainfed crop production system face risk from multiple factors such as 
seasonal climate variability, poor input-output marketing and price fluctuations, land 
degradations, pest and disease occurrences, and other socioeconomic and political factors. 
In the semi-arid regions, such as the Ethiopian Rift Valley, agricultural productivity is largely 
determined by climatic and soil factors. More specifically, the seasonal distribution pattern 
and variability of rainfall amount are among the most important factors that affect smallholder 
farming systems (Cheung et al. 2008; Rao et al. 2011b). Understanding the variability and 
rainfall behaviour, onset and cessation of rainfall periods, number of rainy days, dry spell 
duration, in relation to crop growth is an important prerequisite for the planning of rainfed 
agricultural systems (Stern et al., 2006; Wilby et al., 2009; Barron et al., 2003; Kindie, 2004). 
Rainfall behavior and seasonal patterns govern not only crop yields but also determines the 
choice of the crops that farmers can grow. 
 
Rainfall in Ethiopia is seasonal with high spatial and temporal variability (Cheung et al. 
2008). Most regions receive rainfall during March-May (Belg) and June-September (Kiremt) 
seasons. Belg holds a vital role and greater significance for the succeeding main season or 
Kiremt cropping season for food and fodder security in Ethiopia. For instance, the 2013 Belg 
cropping season yielded 2.55 million tons (of which 78.1% of cereal crops) of production 
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from 1.5 million hectares of cropped area (CSA, 2014). In the south and southeastern areas 
of Ethiopia, the Belg harvest is even much larger (>66%) than the Kiremt harvest and 
farmers are dependent on the Belg rain for their crops and livestock (Funk et al. 2012a; 
Gebremichael et al. 2014). In the western, central and northeastern bimodal rainfall regions 
more rain is received in the Kiremt season but the Belg rain has a significant role for overall 
annual production (up to 33%) as it is an opportunity to sow long-cycle high yielding crops 
(Funk et al. 2012a). 
 
Climate risk is the major source of risk in water-limited agricultural environments. Likewise, 
in the semi-arid to sub-humid regions of CSRVE maize yield is critically affected by the 
variability of the climate, mainly the rainfall distribution throughout the Belg and Kiremt 
seasons. The Belg has a greater role for land preparation, input and sowing decisions while 
the Kiremt for growth, reproductive as well as entire productivity. Therefore, iterative 
assessment of scenarios needed to develop productive as well as risk efficient strategic 
alternatives to the traditional practices. Cropping system models such as APSIM can be 
proven tools to be used in such analysis where risk should be examined from multiple 
cropping systems and production factors (Muchow et al. 1994; Hammer et al. 2014). The 
model has been widely used in eastern and southern Africa (Dimes 2005; Dixit et al. 2011; 
Roxburgh & Rodriguez 2016; Seyoum et al. 2017) but only a few studies used the model in 
Ethiopia for such analysis (Dimes et al. 2015; Seyoum et al. 2018). 
 
This paper aimed at (i) describing the impact of climate variability in terms of seasonal and 
intra-seasonal anomaly, dry spells and length of growing period in maize-based farming 
systems; and (ii) uses this information together with simulation model to ex-ante assess 
possible interventions that reduce risks and enhance productivity and resilience in the 
central and southern Rift Valley of Ethiopia.  
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4.2. Materials and Methods 
 
4.2.1. Study sites 
 
Central and southern Rift valley is part of the Ethiopian Great Rift Valley system, which 
divides the Ethiopian highlands into the Northeast and Southwest. The Central Rift Valley 
(CRV) floor is endowed with lakes and rivers and situated at an altitude of 1500-1800 mean 
above sea level whereas the East and West highland escarpments bounds the valley with 
an altitude peaks ranging from 2000-4245 mean above sea level (peak at Mt. Kaka) 
(Ayenew 2004; Hengsdijk & Jansen 2006). This gives very diverse agro-ecologies to the 
CSRVE, which ranges from warm semi-arid lowlands to cool sub-humid mid-highlands 
(Tadesse et al. 2006). The study target sites include Melkassa, Adami Tulu and Shalla 
districts (see Table 6 for more details).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The region receives bimodal type of rainfall pattern characterized by three seasons namely: 
the short rainy season, Belg or Spring (extending from February/March-May); the long rainy 
season, Kiremt or Summer (extends from June-September/October); and the dry months 
called Bega or Winter (extends from November-January) (Gissila et al. 2004; Diro et al. 
Figure 16.  Map of Central and Southern Ethiopian Rift Valley with 
target districts located 
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2008). The Belg and Kiremt seasons are the cropping seasons in the region as well as in 
Ethiopia. Maize, unlike small cereals such as wheat and teff, is sown in Belg season and 
continue growing in the Kiremt season and harvested either during Kiremt or end of Kiremt 
season depending on maturity periods. Which means, it is a season-transient crop. Which 
also implies the crop is exposed to the whole scale of seasonal variability and dry spell risk 
depending on the seasonal condition.  
 
Maize is the main staple and cash crop in the region. It is also among the 'food relief' crops 
as the green cob is the main source of the meal for farming households’ which experiences 
food deficit during dry months. Maize is grown by 65% of the smallholder farmers in the 
region and accounts for 25% of the total cereal production (CSA, 2015). Other than maize, 
bean and small cereals (such as wheat and tef) are widely grown in dominantly crop-
livestock mixed farming systems of the CSRVE.  
 
The CSRVE soil is dominated by Andosols (Melkassa), Calcaric Fluvisols (Adami Tulu) and 
Vitric Andosol (Shalla) soil types (Itanna 2005). The soil was originally covered with dense 
acacia based grasslands. The rapid conversion to cultivated lands and the long-term 
repeated tillage culture destroyed the soil biological, chemical & physical property (Biazin & 
Sterk 2013). Which in turn reduced the buffering capacity of the soil during droughts and 
frequent dry spells to support crop growth at critical stages (Biazin et al. 2011). 
 
4.2.2. Climate database and data sources 
 
Major maize growing areas representing the central Rift Valley (Melkassa and Adami Tulu 
districts) and Southern Rift Valley (Shalla district) of Ethiopia were selected based on the 
availability of adequate climate data record and featuring dominantly maize-based cropping 
systems.  
 
Table 6. Geographical location and climate database period and source for study areas. 
Location Latitude Longitude Altitude (m) Database period Data source 
Melkassa 8◦24’N 39◦12’E 1550 1978-2015  MARC 
Adami Tulu 7◦89’N 38◦69’E 1662 1988-2015  ATARC 
Shalla 7◦28’N 38◦44’E 1683 1982-2015  HARC 
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Data is sourced from MARC=Melkassa, ATARC= Adami Tulu and HARC= Hawassa 
Agricultural Research Centres Agro-meteorology Departments. 
 
4.2.3. Data analysis 
 
Long-term climate records, soil and crop data obtained from the three sites in the target 
region were used for analysis in models. The annual and seasonal variability of the rainfall 
were examined by processing the daily rainfall data using INSTAT analytical software and 
Climatic Guide version3.36 (Stern et al. 2006b). Agronomically relevant growing season 
characteristics such as onset dates or the start of the growing season, rainfall cessation 
dates, length of growing periods and probability of dry spell occurrences were also quantified 
using INSTAT. The Agricultural Production Systems Simulator (APSIM) model (Holzworth 
et al. 2014) was used to ex-ante assess the impact of agronomic practices and climatological 
events such as onset dates on maize productivity and production risk. Variability and 
distribution indices such as coefficient of variation (CV%), standard deviation and cumulative 
probabilities were used to explain results.  
 
Analysis of annual and seasonal rainfall variability 
 
The annual and seasonal rainfall variability across years was evaluated using standardized 
rainfall anomaly (SRA) with respect to the long-term mean and standard deviation over a 
specific period of time (Agnew & Chappell 1999; Agnew 2000; Bewket 2009). SRAt is given 
by the following relationship: 
 SRA𝑡𝑡 = P𝑡𝑡 − P𝑚𝑚σ  
 
Where SRAt is standardized rainfall anomaly for year t; Pt is the annual rainfall in year t; Pm 
is the long-term mean annual or seasonal rainfall over the period of observation and σ is the 
standard deviation of annual or seasonal rainfall. Accordingly, SRA values less than -0.5 
considered as dry and values more than -0.5 are assumed normal seasons. 
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Analysis of agronomically relevant seasonal events: Onset, end date, and length of growing 
periods 
 
Examination of daily rainfall data was used for determining agronomically important 
characteristics of the rainfall such as start and end dates of a season in CSRVE. Stern et al. 
(1982a), defined start of a season as the first occurrence of rainfall at least ‘X’ mm of rainfall 
totaled over ‘t’ consecutive days. This might lead to a false start date if a dry spell event ‘F’ 
of ‘n’ or more days occurs in the next ‘m’ days. Hence including the probability of a certain 
amount (e.g. 7 or 10 days of the dry spell) avoids the risk of failure from false rainfall onset 
date (Stern et al. 2006b).  
 
In the CRVE, Diga (2005) and Kassie et al. (2014c) used criteria for defining the onset date 
as "The first date when the rainfall accumulated within a 3 days period is 20mm or more 
starting from March first". The risk of a dry spell from the false start can be minimized by 
examining the earliest onset date criteria with a probability of dry spell occurrence greater 
than a certain date (e.g. 10 days). Here we examined the dependable sowing date as the 
first date since March first when 20mm of rainfall accumulated over three days and no 
occurrence of greater than 10 days of a dry spell within the first 30 days after sowing is 
established. One more additional criterion was at least two of the three days (days in which 
20 mm rainfall accumulates) should be a rainy day. This is because as we have understood 
from the discussion with farmers, sowing is not established with a single day rainfall event 
whatsoever is the amount, as a rule of thumb. The single rainfall event is used either for 
land preparation or soil water recharge until more dependable and repeated rainfall event 
occurs. 
 
The end of a growing season was determined by using water balance dialogue in INSTAT 
Climatic Guide. It was defined as the occurrence of a day after 1st September when the soil 
water content drops to zero (Stern et al. 2006b). The soil water content of the respective 
sites is described in Table 7. The length of growing period (LGP) was determined as the 
difference between the onset date and end date (Tesfaye & Walker 2004a; Stern et al. 
2006b). 
 
Dry spell analysis and probabilities 
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Daily rainfall data was fitted to Markov chain model (first-order probability) using INSTAT, 
where the chance of the rain given the previous day is dry and/or the chance of rain the 
previous day is rainy and continues as rainy day (Stern et al. 1982b; Stern et al. 2006b). 
The dry day was set as a day receiving less than 1mm of rainfall. A wet or rainy day as a 
day receiving more than 1mm of rainfall. Accordingly, probabilities of the dry spell lengths 
exceeding 5, 7, 10, 15 and 20 days over the next 30 days starting from January 1st and 
March 1st (or any potential sowing date) was calculated to obtain the overview of the dry 
spell risk condition throughout the growing season (Tesfaye & Walker 2004a; Stern et al. 
2006b; Kassie et al. 2014c).  
 
4.2.4. Assessing the impact of climate variability on rainfed maize production using a 
modelling platform: implications to agronomic adaptation options 
 
The factorial simulation modeling platform in APSIM was used to study the risk and trade-
offs of sowing early (March, April, and May) or late (June and July) maize varieties-early 
(MH130 with 120 days maturity), medium (BH540 with 145 days maturity) and late (BH660 
with 160 days maturity) with range of sowing densities (in this paper however only data from 
5 plants m-2 presented). Basic input data such as soil data was sourced from direct soil 
analysis of soil samples from study sites and secondary data from Melkassa Research 
Centre Soil and Water Research Department (Table 7). Likewise, daily climate data were 
obtained from agro-meteorological departments of Melkassa and Hawassa Research 
Centres (Table 6). Fertilization was carried out using urea at a rate of 41 kg N ha-1 (local 
recommendation) and kept constant for all sites. Weed-free fields were assumed all the 
time. Plant available water contents of soils at 0-90cm depth were 106 mm, 124 mm and 
129 mm for Melkassa, Adami Tulu and Shalla sites, respectively.  
 
Table 7. Soil parameters of study areas used in the APSIM model 
Location 
 
 
Depth 
(cm) 
BD 
(g/cc) 
AirDry 
(mm/mm) 
LL 
(mm/mm) 
DUL 
(mm/mm) 
SAT 
(mm/mm) 
PAWC 
(mm) 
Melkassa 0-15 1.22 0.13 0.14 0.27 0.49 19.50 
  15-30 1.20 0.12 0.14 0.26 0.50 18.00 
  30-45 1.07 0.12 0.14 0.25 0.55 16.50 
  45-60 1.03 0.12 0.14 0.24 0.56 15.00 
  60-75 1.10 0.13 0.16 0.27 0.53 16.50 
  75-90 1.13 0.13 0.17 0.30 0.52 19.50 
  90-105 0.99 0.13 0.16 0.26 0.58 15.00 
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  105-120 1.01 0.13 0.16 0.27 0.57 15.00 
Adami 
Tulu 
0-15 0.95 0.14 0.17 0.34 0.59 25.50 
  15-30 1.18 0.14 0.19 0.34 0.50 22.50 
  30-45 1.17 0.20 0.24 0.40 0.51 24.00 
  45-60 1.16 0.21 0.28 0.43 0.51 22.50 
  60-75 1.08 0.22 0.34 0.43 0.54 13.50 
  75-90 1.04 0.29 0.36 0.43 0.56 10.50 
  90-105 1.10 0.33 0.38 0.43 0.54 7.50 
  105-120 1.01 0.33 0.36 0.43 0.54 7.50 
Shalla 0-15 1.10 0.14 0.19 0.42 0.54 34.50 
  15-30 1.00 0.12 0.17 0.40 0.57 34.50 
  30-60 0.95 0.14 0.17 0.39 0.59 66.00 
  60-90 1.10 0.12 0.15 0.33 0.53 54.00 
BD=bulk density, AirDry=soil weight at air/oven dry; LL= soil water content at wilting 
point or Lower limit; DUL= Drained upper limit or soil water content at field capacity; 
SAT= soil water content at saturation; PAWC=Plant available water content. 
 
4.2.5. Downside risk Analysis 
 
The downside risk is defined as the average loss per average number of events per annum 
(Gommes 1998). In this study, the downside risk was attributed to the failure of agronomic 
and climatic options or technologies tested unable to produce or meet the minimum maize 
required to feed a family or a household (6-7 persons) in each season. According to the 
Food and Agriculture Organization (2004), the daily food energy requirement for an adult is 
3925 kilocalorie of energy per person per day. Assuming maize as the primary food energy 
source and if the whole meal from a kilogram of maize grain gives 3578 kilocalories of energy 
(Mejía 2003), the amount of maize grain required for a household (6 adult equivalent) for a 
year could be 2000 kg. Therefore, the threshold for food demand was set at 2000 kg of 
maize. The failure of a season to return below this value was considered as risky. Simulated 
maize yields were used for this analysis. 
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4.3. Results 
 
4.3.1. Rainfall variability and seasonal behavior 
 
The summary of the annual and seasonal rainfall given in Table 8 shows that the target 
areas receive an adequate amount of rainfall for growing crops. The areas on average 
received 762 (Adami Tulu) to 990 mm (Shalla) per annum. In 75% of the seasons, the region 
received not less than 656 mm of rainfall at Adami Tulu, 700 mm at Melkassa and 900 mm 
at Shalla annually. However, the annual rainfall variability ranged from 17% to 22%. The 
seasonal rainfall variability was much higher (CV=30-51%) in Belg season (March to May or 
MAM) than the main season or Kiremt rainfall variability (CV=22-24%) across locations.  
 
The Belg season contributed on average 20%, 25% and 32% to annual rainfall totals at 
Melkassa, Adami Tulu and Shalla, respectively. Likewise, the Kiremt season contributed 
68%, 61% and 49% to annual rainfall totals at Melkassa, Adami Tulu and Shalla sites, 
respectively. The contribution increased for MAM and decreased for JJAS towards southern 
Rift Valley (Shalla) region where the rainfall exhibits a more extended bimodal distribution 
pattern. 
 
Table 8. Summary of long-term seasonal rainfall totals for annual, Belg season 
(MAM=March, April, May) and Kiremt or Main season (JJAS=June, July, August, 
September) in the study sites 
Statistical 
variables 
Melkassa Adami Tulu Shalla 
Annual MAM JJAS Annual MAM JJAS Annual MAM JJAS 
Mean 805 160 550 762 192 462 990 314 486 
Lower Quartile 704 100 454 656 122 394 909 251 420 
Median 802 151 562 734 187 426 1110 303 468 
Upper Quartile 887 218 630 837 224 530 1106 377 565 
SD 141.2 75.4 120.2 165 97 108.4 167 91 106 
CV (%) 17.5 47.4 22.0 21.6 51 23.5 17.0 29.0 22.0 
 
The Belg rainfall is small in quantity and highly variable. However, the variability declines 
towards Shalla. This suggests the chance of getting more sowing opportunity and growing 
conditions for longer cycle crops or double cropping and/or relay cropping opportunities. 
96  
 
Further analysis of mean rainfall values based on the deviation from the mean showed the 
seasonal variability. The variability resonates around the mean without clear pattern (Figure 
17). Based on the standardized rainfall anomaly index seasons were classified into wet and 
dry seasons based on the extent of the deviation from the mean (Agnew & Chappell 1999). 
Here we summarized, seasons with anomaly values greater than -0.5 as normal or wet 
seasons for crop production and values less than -0.5 considered as dry seasons. The 
frequency of below average annual rainfall total was higher (54%) than normal seasons 
(46%) in the semi-arid regions (Melkassa and Adami Tulu) whereas at Shalla, 56% of 
seasons recorded normal and wet rainfall conditions (Figure 17). Belg season showed below 
average seasons in 52% of the years at all sites. Kiremt season showed below average 
rainfall in 57% the seasons in Adami Tulu and Shalla sites. However, Melkassa exhibited 
more normal Kiremt seasons (53%) than the other sites. 
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Figure 17. Standardized rainfall anomaly index for annual and seasonal (Belg and Kiremt) 
rainfall totals with respect to the long-term mean for the respective seasons and sites. 
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Accordingly, the wettest years were 1998, 2006, 2008 at all locations. The driest years were 
1984, 2002, 2009 and 2015 at all locations. It is also notable on Figure 17 that 2015 season 
was the driest season at all locations (values ranging -1.5 to -2.5). 
 
However, as it is depicted in Table 9, two-thirds of the seasons (70%) fall under the normal 
or wet conditions whereas only one-third of the seasons were dry (30%). It seems the normal 
seasons are more frequent towards the southern Rift Valley areas such as Shalla whereas 
the dry seasons towards the central Rift Valley. 
 
 
The same pattern is followed by the Belg and Kiremt seasons regarding the wet anomaly. 
1983, 1987, 1996, 2001, 2005, 2006 and 2010 were the wettest Belg seasons at most 
locations (Figure 17). The driest Belg seasons were 1988, 1992, 1994, 1999 and 2015. The 
relationship of the dryness or wetness of the Belg to the Kiremt season or annual rainfall is 
not clear. However, some Belg seasons showed a negative relationship with Kiremt. For 
instance, at Melkassa the wettest Belg was followed by the driest Kiremt in 1983, 1987, 1993 
and 2014. 
 
Table 9. Seasonal categorization based on the standardized rainfall anomaly (SRA). The 
percentage of dry seasons (SRA<-0.5) and percentage of normal seasons (SRA≥-0.5) are 
given based on negative and positive anomalies. 
Locations Seasons Dry (%) Normal (%) 
Melkassa Annual 31.6 68.4 
 
MAM 36.8 63.2 
 
JJAS 31.6 68.4 
Adami Tulu Annual 32.1 67.9 
 
MAM 29.6 74.1 
 
JJAS 28.6 71.4 
Shalla Annual 20.6 79.4 
 
MAM 29.4 70.6 
 
JJAS 29.4 70.6 
Belg season (MAM=March, April, May) and Kiremt season (JJAS=June, July, August, 
September). 
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4.3.2. Analysis of climatological events: implications for opportunity sowing 
 
The sowing date criteria assume the onset date defined when 20 mm rainfall accumulates 
within three consecutive days and if no dry spells greater than 10 days occur within the 
following 30 days after onset is established as defined by Stern et al. (1982a) and used by 
others (Diga 2005; Kassie et al. 2014c) in the CRV region. However, one criterion added to 
this was, at least two rainy days among three consecutive days in which the 20mm rainfall 
was accumulated. As we have reported (in chapter 3) farmers need at least two rainfall 
events before deciding to sow.  
 
The cumulative distribution of onset date (Figure 18) showed that in 70% of seasons sowing 
was possible before the end of June at Melkassa and Adami Tulu. The earliest sowing 
opportunity appeared in mid-May (133-135 DOY) at both locations. At Shalla, the earliest 
sowing opportunity happened at the end of March. At Melkassa and Adami Tulu, all late 
sowing opportunities occurred before early July in 80% of the seasons (Figure 18). The 
latest sowing dates fell in early to mid-July (189-194 DOY) for all sites.  
 
The median onset date was June 10th, June 6th, and April 16th at Melkassa, Adami Tulu and 
Shalla, respectively. Which means the long-term analysis did not give successful sowing 
date in Belg (March-May) seasons at Melkassa and Adami Tulu based on the above onset 
criteria. The Belg season failure (unable to meet the onset criteria) was 39% at Melkassa 
and 43% at Adami Tulu. At Shalla, no Belg season failure was experienced for the criteria 
used in this analysis. Which means that the onset date analysis gave Belg sowing 
opportunity since March in all seasons at Shalla. The Kiremt median onset dates also fall on 
July 1st, June 26th and June 28th for Melkassa, Adami Tulu and Shalla, respectively. 
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The end of a season was determined by using water balance dialogue in INSTAT Climatic 
Guide (Stern et al., 2006).  End of season or cessation of the rainy season was defined as 
the occurrence of a day after 1st September when the soil water drops to its minimum using 
an assumed daily evapotranspiration of 5 mm interacting with daily rainfall amount and soil 
water content. Accordingly, the mean date signaling the end of the season was October 1st 
at Melkassa whereas at Adami Tulu and Shalla that appeared earlier in mid-September 
(Table 10). The end of the season had less variability (CV=5-8%).  
 
The length of growing period (LGP) of the study areas was then determined as the difference 
between the onset date and end date (Stern et al., 2006; Tesfaye, 2004). Consequently, in 
80% of the seasons (4 out of five seasons), the LGP was less than 160 days at Melkassa, 
138 days at Adami Tulu and 172 days at Shalla for all early or Belg sowings. The June and 
Table 10. The summary of cessation date of cropping season at Melkassa, Adami Tulu 
and Shalla. DOY stands for days of the year 
Statistical variables Melkassa Adami Tulu Shalla 
Mean (DOY) 275 258 263 
Median (DOY) 277 252 251 
SD (days) 14.0 14.0 21.0 
CV (%) 5.0 5.0 8.0 
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Figure 18. Cumulative probability distributions for the onset of the season and end or 
cessation dates at Melkassa, Adamitulu, and Shalla. (stMar refers analysis start first of 
March, stApr first April etc,.) 
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later sowing opportunities gave not more than 95-115 growing days in 80 % of seasons for 
all locations (Figure 19). 
 
 
The average length of growing period (LGP) for sowing opportunities occurred in Belg 
ranged between 106 and 149 days at Adami Tulu and Shalla. The LGP because of Kiremt 
sowing opportunities ranged between 74 and 92 days at Adami Tulu and Shalla. Melkassa 
exhibited 126 and 92 days for Belg and Kiremt sowing opportunities, respectively. Early 
sowing opportunities increased the length of the growing period by at least 38-84 days but 
with greater variability (CV=33-39%).  
 
4.3.3. Analysis of dry spell occurrences 
 
The analysis of the probability of dry spell occurrences with 5,7,10,15 and 20 days long that 
could occur during the crop growing period in CSRVE was examined. The probability of 5-7 
days long dry spells were common phenomena in the Belg cropping seasons at all locations 
except a slight decrease (mean 73% for 5 days and 40% for 7 days of the dry spell) at Shalla 
(Figure 20). Ten-day long dry spell probability of occurrence was much higher (68% and 
75%) at Adami Tulu and Melkassa than Shalla (13%) during Belg season. Similarly, the 
chance of occurrence of 15 and 20 days of dry spell was greater than 30% and 10% at 
Melkassa and Adami Tulu, respectively, while it was less than 10% at Shalla (Figure 20). 
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Figure 19. The length of growing period (LGP), which is the difference of the onset dates 
and the respective rainfall cessation dates of each season observed at Melkassa, Adami 
Tulu and Shalla sites. 
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During Kiremt, the probability of occurrence of dry spells for all durations drops to its 
minimum. However, there are differences among locations in the duration of the minimum 
occurrence. The average chance of occurrence for seven days of dry spell at Melkassa, 
Adami Tulu and Shalla was 27% (ranging 3-75%), 45% (ranging 26-83%) and 25% (ranging 
10-36%), respectively during the crop growing period (examined since March). The ten-day 
dry spell occurred on average at 10%, 16%, and 5% probabilities during Kiremt at the 
respective sites. The longer duration (15-20 days) dry spell probability was minimal at all 
locations. 
 
The probability curves start to incline after the minimum points in Kiremt, signaling the end 
of the rainy season and the start of the dry season (Figure 20). Consequently, the probability 
curves exceeded 30% for greater than ten days of dry spell after the first week of September 
in all locations. Fifteen days duration of dry spell occurrence increased after the end of 
September at Melkassa and Adami Tulu whereas at Shalla this extended to the end of 
October.  
 
In order to have a clear view of dry spell occurrences during the length of growing period 
(LGP), the probability distribution graph (Figure 21) was plotted considering the earliest 
median onset date (which was May 14th for Melkassa and Adami Tulu; March 21stfor Shalla) 
and the median end of season date (October 3rd at Melkassa and September 8th at Adami 
Tulu and Shalla). The analysis showed that the chance of occurrence of greater than ten 
days of dry spell was 70-80% at the start of the season with a tendency of lowering down to 
its minimum towards the main rainy season at Melkassa and Adami Tulu. Whereas at Shalla, 
it was below 20% since the earliest sowing opportunity occurred in March. 
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Figure 20. The probability of occurrences of dry spells with 5, 7, 10, 15, and 20 days duration 
in the whole season (January-December) at study sites. 
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Late in the season the probability of all dry spells quickly rose up. The longer duration dry 
spells chances of occurrence were less than 20% at Adami Tulu.  At Shalla, the same 
minimum probability trend was seen where all the longer duration dry spell (10-20 days) 
occurrences were below 10%.  
 
4.3.4. Assessing climatic risk and opportunities following range of sowing windows and 
maize maturity groups: an ex-ante analysis using APSIM 
 
The sowing opportunities happened in the cropping months (March-July) were examined 
using three classes of maturity groups and standard management practices (i.e. plant 
density-5 plants m2; fertilizer at 41 kg N ha-1; no-weed). The sowing opportunity criteria were 
set in the model as 20 mm of rainfall accumulated within three days. The simulation used 
33 years of climate data (1982-2014).  
 
 
 
 
 
 
 
 
 
 
 
 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
61 101 141 181 221 261 301 341
Pr
ob
ab
ilit
y
Days after  earliest onset date 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
61 101 141 181 221 261 301 341
Days after  earliest onset date 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
61 101 141 181 221 261 301 341
Days after  earliest onset date 
DS_5
DS_7
DS_10
DS_15
DS_20
ShallaMelkassa Adami Tulu
Figure 21. The probability of occurrence of dry spells 5-20 days longer starting from the 
earliest median onset date to the median end date of seasons at the respective sites. 
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Figure 22. Average simulated yields obtained in response to three maturity groups 
(early, medium and late) and five sowing windows over multiple seasons (n=33) at 
Melkassa, Adami Tulu and Shalla sites. 
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The highest simulated mean maize yield was observed from May and June sowing windows 
at all locations (Figure 22). The low and highly variable yield was observed for March, April 
and July sowing windows for all maturity groups and locations. At Adami Tulu, the slightly 
different pattern observed. The least variable and the highest mean yield was observed from 
May sowing window (Figure 22). The April and July sowing windows showed the highest 
variability, which suggests April sowing poses a greater risk for early sowing and July for 
late sowing and the yield reduction was higher for July sowings for all maturity groups at 
Adami Tulu (Figure 22). 
 
4.3.5. Downside risk 
 
The downside risk of seasonal failure to meet household food demand (2000 kg of maize 
for 6-7 family size per annum) was higher for March sowing window at all locations (Table 
11). April sowing window was also risky at Melkassa and Shalla where 30% and 20% of the 
seasons failed to meet the household maize requirement, respectively. The risky sowing 
window was July or late sowing at Adami Tulu with 34% of seasons failed to meet the 
threshold. The other sowing windows, May and June, did not fail to meet the required 
threshold almost in all seasons at all locations (Table 11). 
 
 
 
  
Table 11. Down size risk of sowing windows to meet food demand threshold (2000 kg) per 
household in CSRVE region. The analysis was made from simulated maize yield. 
 Location Sowing windows 
March April May June July 
Melkassa 100 30 0 0 5 
Adami Tulu 37 8 0 2 34 
Shalla 42 20 0 0 0 
Values are in percent (%) and 0= means there was no season with below threshold value 
(2000 kg). 
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4.4. Discussion 
 
4.4.1. Climate variability and seasonality: a key challenge for rainfed maize-based cropping 
systems 
 
In the semi-arid CSRVE rainfall is variable and exhibits overlapping seasonality for cropping 
longer duration crops such as maize. The intra-seasonal variability is much higher than the 
seasonal variability. Previous studies conducted in the region also reported a variable and 
seasonal or bi-modal rainfall pattern. Diga (2005); Kassie et al. (2014c) found that Belg 
season is highly variable than the Kiremt or main season. They also pointed out that the 
variability poses a greater risk to rainfall dependant farming systems of the region. In this 
study, we found and argue that beyond the variability and risky nature of the Belg season it 
holds greater potential and role. The driest and risky seasons appeared to happen in one-
third of the seasons (Table 9 and Figure 17). The other two-thirds of the seasons can be 
regarded as normal or wet seasons and could be potentially exploited by more productive 
inputs and practices.  
 
The temporal rainfall analysis did not show any clear trend both in annual and seasonal 
totals. However, it swings below and above average values in almost half of the seasons 
examined (n>30 years). Conway and Schipper (2011), noted that the rainfall trend in 
Ethiopia shows no remarkable clear-cut changes and the future projection also shows very 
mixed patterns of change compared to the continued warming up of temperature. Others 
reached on the consensus that the spatial and temporal variability of the seasonal rainfall 
over Ethiopia showed a declining trend (Seleshi & Camberlin 2006; Bewket & Conway 2007; 
Cheung et al. 2008). Cheung et al. (2008), did a very comprehensive examination of rainfall 
data (1960-2002) from 134 stations in thirteen regions, which represent most of the country. 
They found that the Kiremt rainfall shows a significant declining trend for regions in central 
and south-western parts of Ethiopia. The annual rainfall shows no significant trend for all 
regions under analysis. This might be because of the tendency of increase of rainfall in 
outside of the cropping months (such as in November-December) (Kassie et al. 2014c). In 
a study of rainfall changes and rainy days, Seleshi and Zanke (2004) also found no change 
in the Belg and Kiremt rainfall over central, northern and northwestern Ethiopia during the 
period of 1965–2002.  
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The analysis of rainfall for agronomically important events such as onset, cessation and dry 
spells depicts the existing seasonal variability and associated risks and opportunities for 
enhancing crop and water productivity. An onset criterion that includes dry spell occurrences 
gives successful sowing dates and considerably lower risk due to false onset (Stern et al. 
2006b). In this analysis, more emphasis was given to the onset criteria that accommodates 
the occurrence of more than 10 days of dry spell and at least two rainy days. 
 
The analysis for onset date gave early June (June 6-10) as dependable onset date at 
Melkassa and Adami Tulu areas while mid-April for Shalla. If sowing is aimed for Kiremt 
(June-July) then the stable and less risky sowing opportunity occurs end of June. Which 
gives only 3-4 months of growing period. The earliest sowing opportunity occurs in mid-May 
for Melkassa and Adami Tulu. However, it is risky due to the high probability (40-78%) of 
dry spells greater than ten days, that could expose the crop to stress at the early growth 
stage. This stress in May had a very low probability (less than 10%) at Shalla. Besides, the 
analysis of onset date revealed that 39% and 42% of the Belg seasons at Melkassa and 
Adami Tulu did not give any sowing opportunities, respectively. That implies it was unable 
to sow longer duration cereals such as maize during Belg. In such circumstances, farmers 
shift towards using short duration cultivars of the same crop or other small cereals or 
legumes (Kassie et al. 2013).  
 
Dependable sowing opportunities satisfying the tight criteria (that accommodates no dry 
spell greater than 10 days and at least two rainy days) may not sufficiently occur in Belg 
season (March-May) for Melkassa and Adami Tulu. However, further analysis and research 
on the criteria to determine the onset date needed to the region and similar environments 
across the country. Different researchers have documented various methods, ranging from 
the traditional to empirical or scientific techniques, for determining the onset date(Ati et al. 
2002; Kipkorir et al. 2007; Marteau et al. 2011). The criteria used vary from single factors 
such as a certain rainfall amount to the use of ‘hybrid’ methods (Ati et al. 2002). Some also 
used farmer’s subjective checking of the soil moisture to a certain depth to determine dry or 
wet sowing (Marteau et al. 2011) and others use most sophisticated climatic models such 
as the POAMA prediction systems (Drosdowsky & Wheeler 2014). However, given the 
highly dynamic and less predictability of the CSRVE climate, more robust and flexible 
method such as ‘response farming’ needed which enables farmers to decide on crops, 
inputs, and practices as the seasonal condition unfolds (Stewart 1988; Admassu et al. 
2007b).  
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The analysis of the length of growing period (difference of onset date and cessation date) 
gave longer duration (106-149 days) for Belg sowing than Kiremt sowing (74-92 days). 
Whenever early sowing opportunity happens, the length of growing period increases by 38-
84 days. which gives an opportunity to harvest more yield from the use of longer duration 
genotypes. However, whenever the duration shortens (when onset occurs in Kiremt) it 
exposes crops to terminal stress and reduces productivity and increased risk of food security 
to farmers. The variability in length of growing period is higher for Belg seasons than Kiremt 
seasons with higher variability (33-39%). Kassie et al. (2014a) reported wider range (79-239 
days) of growing period with high inter-seasonal variability in the Rift valley region. 
Gebremichael et al. (2014) also reported a variable (CV=13-42%) range (62-193 days) the 
of growing periods in the southern Belg growing regions of Ethiopia. 
 
The risk of crop failure or low productivity in drought-prone areas is largely associated with 
the occurrences of intra-seasonal dry spells. Barron (2004), argues that the higher yield gap 
observed in SSA is largely due to low yield from co-limitation of occurrence of within seasons 
dry spells and inadequate inputs resulting from poor management practices. In the analysis 
of dry spell occurrence happened in the cropping seasons, the probability of facing greater 
than ten days of dry spell was 68-75% during Belg (at the start of the growing season) at 
Melkassa and Adami Tulu districts of CSRVE. This makes early cropping decisions difficult 
and risky. Seleshi and Zanke (2004) carried out analysis of extreme rainfall events and dry 
spells and categorized the dry spell occurrences into two types. The first is short dry spell 
lengths which mostly occurs in Kiremt seasons and lasts from 3.3 to 7.3 days. The second 
one is long dry spells that occurs at the beginning of the rainy season during Belg and ranges 
16.2 to 20.3 days. The chance of dry spell for any of types was relatively much lower in 
Shalla during Belg, which implies better cropping opportunities in the region. Which recalls 
for the necessity of matching seasonal outlook to best-fit maturity groups of same crops or 
choosing other preferred crop type to utilize season’s potential and minimize risk. 
 
4.4.2. Climatic risk and opportunities for enhanced productivity 
 
The long-term simulation analysis of maize yield using five sowing windows and three 
maturity groups of maize showed the extent of yield variability and risk. The low and highly 
variable yield was observed for April sowing window at Melkassa and Adami Tulu. The very 
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late July sowing window was found to give highly variable and low yield at Adami Tulu and 
Shalla (Figure 22). On the other hand, the May and June sowing windows gave more stable 
and higher yields at all sites (Figure 22).   
 
At Shalla, the predicted yield is much higher than the rest of the sites. The Kiremt season 
sowings yield was much higher than Belg season sowing opportunities. This might be 
attributed to the relatively higher magnitude of rainfall and longer growing season (>149 
days) due to earlier sowing opportunities at Shalla site.  
 
When we compare mean simulated maize yields between the sowing opportunities occurred 
in Belg and Kiremt seasons, Kiremt sowing opportunities showed a greater advantage over 
Belg sowing opportunities at Melkassa and Shalla (Table 12). However, this was not the 
case for Adami Tulu where the Belg sowing opportunities gave up to 13.6% yield advantage 
over Kiremt sowings (Table 12). This is probably because May appeared to be the best 
sowing window at Adami Tulu areas which contributed to higher harvest from Belg sowing 
opportunities. 
 
 
March sowing windows (the earliest possible onset) seems not suitable and very risky 
(CV=23-57%) for maize sowing at all locations. The maize requirement threshold level (2000 
kg/ha) can be taken as a food demand threshold for the region where the mean household 
size is 6-7 persons. The probability of harvesting less than 2000 kg ha-1 was less than 10% 
of the seasons for early sowing windows (Mar-Apr) for all maturity groups at Adami Tulu. In 
Adami Tulu district, March and July sowing windows seem not suitable and risky for any 
maturity groups. This is because of the highly variable (CV=46-65%) and low yield (2-3 t ha-
1) obtained from July and March sowing windows (Figure 22 and Appendix Figure 1).  
  
Table 12. Seasonal performance of three maturity groups and relative yield advantage of 
Kiremt sowings over Belg 
Early Medium late Early Medium late Early Medium late
Belg (March-May) 2873 2967 3113 3515 3610 3819 4406 4720 5145
Kiremt (June-July) 4584 4484 4256 3839 3580 3300 6935 7166 7388
Relative advantage (%) 37 33 27 8.4 -0.8 -13.6 37 34 30
Melkassa Adami Tulu ShallaSeasons
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4.5. Conclusions 
 
The central and southern Rift Valley of Ethiopia (CSRVE) is characterized by overlapping 
and variable cropping seasons, which makes agricultural decisions more challenging and 
riskier. However, ample opportunities exist to increase productivity and resilience from the 
existing climatic conditions.  
 
The dependable and less risky sowing opportunities occur in 70% of seasons at the end of 
June in CSRVE. This gives only 95-115 crop growing duration. However, earliest sowing 
opportunities that could possibly occur in mid-May at Melkassa and Adami Tulu give the 
more extended length of growing period. The same is true for Shalla where the onset 
cropping season occurs as early as March. Our rainfall analysis in the region found that four 
out of five seasons (80%) the earliest sowing opportunities could give 138-172 days of 
cropping duration. 
 
The rainfall analysis and the modelling platform suggested that Kiremt season is relatively 
stable and gives better yields with the risk of terminal stress and resultant low yield of very 
early and late sowing. The high chance of dry spell occurrence (greater than ten days) in 
March and April makes Belg season highly variable and risky. March and April sowing 
windows could fail to meet the food security demand in 32-66% and 16-21% of seasons, 
respectively. However, when it appears to be suitable, it could give potentially exploitable 
longer season and plays a significant role for main season cropping.  Besides, Belg seasons 
towards the south of Rift Valley (Shalla) showed less dry spell risk and a range of sowing 
opportunities.  
 
Further modelling analysis is needed to show whether double cropping opportunities exist 
either earlier or later in typically earliest seasons. This needs an integrated and innovative 
strategy that combine local resources and improved cropping information available timely 
for decision making. Potentials of good seasons (opportunities) should not be overshadowed 
by few occasions of poor seasons and associated risks. 
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CHAPTER 5. Managing risk of seasonal climate variability in rainfed maize-based 
cropping systems of central and southern Rift Valley of Ethiopia 
 
Abstract 
 
In the semi-arid rainfed farming systems of Ethiopia, variable climate causes risk of low 
yields and even crop failures among poorly resourced smallholder farmers. However, a 
systematic analysis of risks and opportunities that exist in the farming system could provide 
a way to manage risk and capture resources. Here we combine the analysis of historical 
climate records, results from empirical research and validated crop simulation models to 
quantify the benefits of alternative farmer decisions in terms of maize productivity and 
downside risk. Historical climate records were used to quantify dry spell occurrences and 
sowing opportunities. Results from two years of field experimentation were used to validate 
the APSIM model, that was used to quantify the benefits from alternative systems and 
agronomic options such as optimum sowing dates, cultivars of different maturity groups and 
mixtures to manage climate risk. In the semi-arid Rift Valley regions, Belg maize sowing can 
be possible from mid to end of April in 58% of seasons. Kiremt sowing in June might fail in 
21-39% of seasons or might be delayed to early July due to prolonged dry spells (2-3 
weeks). Short duration maize cultivars in Kiremt season found to be more productive and 
major contributor to a mixture of cultivars yield. Based on the long-term (1982-2015) model 
simulation, significantly higher and stable yield (CV=28%) observed in the sub-humid than 
semi-arid Rift Valley environments in response to cultivar and sowing window variations. 
Accordingly, cultivar mixture showed yield advantage of 22% at Arsinegele, 10% at 
Melkassa and 26% at Ziway over the early maturing cultivar. Belg maize sowing found to be 
a potentially exploitable decision (21-46% yield advantage) than sowing only in Kiremt 
season in the sub-humid regions of the Rift Valley. However, the seasonal yield variability 
in the semi-arid regions was higher for both the Belg and Kiremt seasons. In 19-38% of 
seasons, Belg seasons showed the risk of food deficit (unable to produce 2 tons of maize 
per season for a farming household) in the semi-arid regions. Generally, results of this study 
showed that management options such as the use of mixtures of cultivars and modifying 
sowing dates can significantly help to better match available resources and crop demands 
so that yields could be increased, and downside risks reduced.  
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5.1. Introduction 
 
Climate variability is the main cause of severe food deficits leading to migration and death 
as well as land degradation in Ethiopia (Devereux & Sussex 2000; Comenetz & Caviedes 
2002; Gray & Mueller 2012; Biazin & Sterk 2013). Prolonged dry periods during Belg 
cropping season and terminal moisture stress late during the Kiremt season reduce crop 
yields in semi-arid regions such as the central Rift Valley of Ethiopia (Seleshi & Camberlin 
2006; Enfors et al. 2009; Bitew et al. 2015). Climate change is expected to further reduce 
productivity in maize and sorghum due to more frequent extreme weather events (Barron et 
al. 2003; Jones & Thornton 2003a; Seleshi & Zanke 2004). Future climate projections 
suggest reduced agriculturally suitable land areas and productivity (12-20%) across Sub-
Saharan Africa countries (Jones & Thornton 2003a; Zabel et al. 2014; Tesfaye et al. 2015). 
Increased frequency of extreme temperature was also projected for Ethiopia with the impact 
on crop water balance and fertility (Tesfaye et al. 2016b). Some studies also reported a shift 
in rainfall distribution pattern where 12-69% increase in Kiremt (June-September) season 
rainfall while the Belg (March-May) season rainfall decreases by 20-68% in semi-arid areas 
of the Ethiopian Rift Valley from 2020-2049 (Muluneh et al. 2015). These climatic changes 
require more responsive and flexible farming systems to utilize opportunities and minimize 
risks from anticipated changes. 
 
Maize is a major staple crop in rainfed mixed cropping and grazing smallholder farming 
systems across the central and southern Rift Valley of Ethiopia (CSRVE). In the CSRVE 
large difference between farmers’ yield and achievable maize yields exist, and are mostly 
attributed to inefficient farming practices (Bitew et al. 2015; Henderson et al. 2016). 
Productivity gaps have been estimated to be between 16-209%; presenting an opportunity 
to increase food security across the region (Henderson et al. 2016). Simple practices such 
as optimum times of sowing provide low-cost solutions to farmers. Belg sowing opportunities 
occur in the majority of seasons, though farmers perceive a high chance of drought stress 
with sowing in Belg (Meze-Hausken 2004; Yesuf & Bluffstone 2009; Rao et al. 2011b; Kassie 
et al. 2013). Late sowings are also exposed to the early cessation of rainfall resulting in 
water shortages at critical stages of flowering. Hence, there is a need for better information 
on benefits and trade-offs from alternative sowing decisions. 
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Diversification of crops in space and time is a proven practice in spreading climate risk (Kar 
et al. 2004; Bezabih & Sarr 2012; Rurinda et al. 2014). Diversification based on cultivar 
mixtures of same crop species such as maize or wheat for managing seasonal climate risk 
and stabilizing productivity has been reported in semi-arid environments (Tilahun 1995; 
Amede et al. 2005; Tooker & Frank 2012). Smithson and Lenne (1996) also reported that 
crop cultivar mixtures have been important strategies for improving yield stability and 
minimizing pest and disease severity when food security is a priority rather than qualitative 
uniformity. Mundt (2002) and Tooker and Frank (2012) extensively reviewed and reported 
the widespread use of cereal cultivar mixtures for managing diseases for instance, by 
increasing distance or reducing contact between resistance and susceptible cultivars. 
Cultivar mixtures differ in maturity for example late and early maturing, late maturing 
varieties capture more resources and contribute more yield in favorable seasons as early 
maturing one's senescence earlier (Tilahun 1995). However, early maturing varieties often 
contribute more yield in unfavorable seasons by avoiding terminal stresses during early 
termination of rainfall. On the other hand, Hoekstra et al. (1985b) reported no significant 
gains from the use of maize cultivar mixtures in Canada and Burton et al. (1992) in the USA 
for soya bean cultivar mixtures. That was attributed to the seasonal condition (e.g. drought) 
and level of stress introduced (e.g. high population density or proportion of mixtures) into 
the system. Cultivar mixtures appeared to perform better in lower yielding environments and 
seasons (Hoekstra et al. 1985a, 1985b). Similar results were shown by Temesgen et al. 
(2015); Wang et al. (2017) who reported that cropping systems such as intercropping or 
mixture of crops or cultivars perform better under low level of productivity due to better 
resource optimization with component crops.   
 
Therefore, in variable climatic conditions and when production resources are limiting, 
appropriate crop management is required to maximize system productivity and manage 
risks. Optimizing sowing dates and population density was reported to enhance productivity 
and stability of maize using mixtures of cultivars during dry seasons (Hoekstra et al. 1985a; 
Tilahun 1995; Fang et al. 2014). However, there is no much study that combined field 
experiments involving the use of cultivar mixture and modeling platform to explore the 
potential of the cropping system in managing climate risk in the central and southern Rift 
Valley of Ethiopia.  
 
Cropping system models such as APSIM (Agricultural Production system Simulator) 
(Keating et al. 2003; Holzworth et al. 2014) can be used for examining better production and 
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resource utilisation options (Keating et al. 2003; Zingore et al. 2009; Whitbread et al. 2010), 
supporting on-farm decision making (Hochman et al. 2009; Akponikpè et al. 2010), 
assessing the impact of climate and adaptation options in variable and risky environments 
(Keating et al. 1993; Muchow et al. 1994; Hammer et al. 2014; Rigolot et al. 2017) and for 
assessing options to sustainable intensification (Dimes et al. 2015; Teixeira et al. 2015; 
Roxburgh & Rodriguez 2016). The model has been tested and used in Eastern and Southern 
African countries for various studies (Dimes 2005; Dixit et al. 2011; Roxburgh & Rodriguez 
2016) but only a few studies in Ethiopia (Dimes et al. 2015; Mesfin et al. 2015; Seyoum et 
al. 2017). 
 
In this study, we combined experimental and crop modelling approaches to test the 
hypothesis that the use of productive cultivar types and mixture of cultivars of contrasting 
maturity (e.g. short and long duration), and optimizing sowing date scan significantly 
increase productivity, water use efficiency and reduces downside risks. The objective of this 
study was then to develop alternative climatic and agronomic options for farmers to manage 
the risk of seasonal climate variability in the semi-arid and sub-humid environments of 
CSRVE.  
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5.2. Materials and Methods 
 
5.2.1. Climate and soil of study sites 
 
The experimental sites, Arsi Negele, Melkassa, and Ziway, are situated at an altitude of 
1913,1550, and 1640 meters above sea level, receiving 1043 mm, 805 mm and 815 mm 
annual rainfall, respectively. Rainfall is distributed unevenly among cropping months known 
as Belg (March-May) and Kiremt (June-September) (Figure 23). The average monthly 
minimum and maximum temperature ranges from 10-14°C and 23-29°C, respectively (Figure 
24). The agro-climatic conditions are characterized as semi-arid lowlands (Melkassa and 
Ziway) and sub-humid mid-highlands (Arsi Negele) (Alemayehu 2003; Tadesse et al. 2006). 
Soils are mostly Andosols of a dominant loam and silty clay loam texture (Itanna 2005; Abera 
& Wolde-Meskel 2013). Physical and chemical properties of the soil at each experimental 
site is shown in Table 13. 
 
5.2.2. Climate analysis 
 
Long-term records (1982-2015) for daily rainfall, minimum and maximum temperature, 
relative humidity and sunshine hours, were obtained from nearby research sites: Melkassa 
Agricultural Research Station (MARC) and National Meteorology Agency (NMA) (Table 14). 
Rainfall data were analyzed to understand the challenges (in terms of seasonality and 
Sites Depth BD§ LL DUL TN pH Clay Silt Sand PAWC*
0-15 1.10 0.16 0.43 0.18 6.4 10 34 57 189
15-30 1.00 0.20 0.39 0.13 6.7 11 26 63
30-60 0.95 0.16 0.43 0.10 6.7 25 17 58
60-90 1.10 0.30 0.43 0.10 7.1 17 20 63
0-15 1.05 0.14 0.27 0.12 7.5 21 45 34 124
15-30 1.09 0.14 0.26 0.11 7.8 19 49 32
30-60 1.18 0.14 0.24 0.10 8.2 17 52 31
60-90 1.30 0.16 0.29 0.10 8.4 19 50 31
0-15 1.12 0.26 0.46 0.29 8.7 10 23 67 149
15-30 1.22 0.27 0.44 0.22 9.0 8 22 70
30-60 1.01 0.28 0.45 0.18 8.9 2 20 78
60-90 0.97 0.26 0.39 0.17 8.4 5 17 78
Arsi Negele
Melkassa
Ziway
§ BD= bulk density (g/cm3); LL= lower limit (mm/mm), DUL= drained upper limit (mm/mm), Clay, Silt and Salt (%);
*PAWC=plant available soil water content (mm);  Clay, Silt and Sand (%); TN= total nitrogen (%)
Table 13. Soil physical and chemical properties for the study sites. PAWC values given 
are the sum of all soil profiles (0-90 cm).   
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variability) and opportunities exist to improve the rainfed maize-based production system in 
the CSRVE region. 
 
 
The annual rainfall totals were subject to hierarchical cluster analysis using the K-means 
method (R Core Team 2014). The resulting dendrogram was limited to three clusters and 
used to characterize sets of analog years to represent dry, normal and wet seasonal types. 
 
The frequency of dry spells (a day with less than 1mm rainfall) in the crop growing seasons, 
Belg and Kiremt, were used to characterize the riskiness of each season type. INSTAT 
climatic guide (Stern et al. 2006a) was used to determine the length of dry spells for each 
monthly sowing window (March to July). Sowing opportunities were defined when 20mm or 
more of rainfall accumulated within three consecutive days and if no dry spell greater than 
10 days within the following 30 days after the onset is established (Stern et al. 2006a). The 
distribution of sowing opportunities was plotted for each of monthly sowing window (March-
July) at each site (Arsi Negele, Melkassa and Ziway).  
 
5.2.3. Field experiments 
 
Two different trials were conducted in two seasons (2014 and 2015). During the first season 
(2014) trials were conducted at Melkassa. The field experiment was sown on 7th of July 2014 
at Melkassa Agricultural Research Centre (Table 14). Treatments included the factorial 
combination of two maize cultivars (MH140 and BH540) and three levels of nitrogen (0,41 
and 169 kg ha-1) supply under rainfed condition (Table 15). Treatments were laid out in a 
randomized complete block design (RCBD) with three replications. MH140 was a high 
yielding, medium maturing (140 days) cultivar with good adaptation to moisture stressed 
environments. BH540 was also a medium maturing (145 days) cultivar widely grown in the 
study regions. Nitrogen levels included 0 kg ha-1(N0-control), 41 kg ha-1 (N41-representing 
Location Latitude Longitude Altitude (m) Database period Data 
source
Arsi Negele 07035’N 38066’E 1913 1982-2015 MARC
Melkassa 08024’N 39012’E 1550 1982-2015 MARC
Ziway 070 9’N 38070’E 1640 1985-2015 NMA
Table 14. Geographic coordinate, climate database and source used for APSIM model 
parameterization and simulation analysis 
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local recommendation) and 169 kg ha-1 (N169-representing nitrogen unlimited). The nitrogen 
application was split between 1/3 at sowing, and 2/3 at 35 days after sowing.  
 
A basal application of 60 kg P2O5 ha-1 was applied at sowing across the whole trial sites. 
The fertilizers used were Triple superphosphate (TSP 0-46-0), Di-ammonium phosphate 
(DAP 18-46-0) and urea (46-0-0) for phosphorus and nitrogen sources. The target plant 
density of 5.33 plants m-2 was obtained by hand sowing in 0.75 m between rows and 0.25 
m between plants. Each treatment plot was 4.5 m by 5 m (22.5 m2). Border effects were 
prevented by sampling only on the three middle rows in each plot.  
 
During 2015 cropping season, field experiments were carried out at three sites, Melkassa, 
Ziway and Arsi Negele research stations (Table 15). Treatments included two maize 
cultivars, MH140 (140 days to maturity) and MH130 (120 days to maturity), and a mixture of 
two cultivars sown in an alternate row within the same plot and time. Trials were sown in 
two sowing windows-Belg and Kiremt. Accordingly, sowing took place on May 7th and June 
10th at Arsi Negele; May 13th and June 30th at Melkassa, and June 6th, and July 2nd at Ziway, 
respectively. Targeted sowing density was 5 plants m-2 at all sites. All plots were fertilized 
using DAP (18-46-0) and urea (0-46-0) fertilizers at the rate of 100 kg ha-1, and 50 kg ha-1, 
respectively. Experimental plots were kept free of weeds all the time by hand weeding.  
 
Soil samples at depths of 0-15, 15-30, 30-60 and 60-90cm were taken before sowing for 
initial nitrogen and soil water analysis during the first season. A separate set of soil samples 
were also taken at the same depths, to determine the soil physicochemical properties of 
study sites (Table 14).  
Treatment code Cultivar Nitrogen (kg/ha ) Treatment code Cultivar Sowing window
MHN0 MH140 0 (control) V1PD1 MH130 Belg
MHN41 MH140 41 V2PD1 MH140 Belg
MHN169 MH140 169 MPD1 MH130 + MH140 Belg
BHN0 BH540 0 (control) V1PD2 MH130 Kiremt
BHN41 BH540 41 V2PD2 MH140 Kiremt
BHN169 BH540 169 MPD2 MH130 + MH140 Kiremt
Kiremt= 1 June- 31 July
Season I (2014) Season II (2015)
M= Mixture of MH130 & MH140 cultivars sown in alternate rows on a plot; Belg= 1 March-31 May;
Table 15. Treatment codes and descriptions of factors for field trials in 2014 and 2015 
cropping seasons. 
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Crop measurements included phenology data from the date of emergence, flowering, and 
maturity. Above ground biomass and final grain yield (at 12.5% moisture content) were 
sampled at maturity from the four middle rows of each plot. Biomass and grain samples 
were dried in an oven at 70°C to constant weight to determine dry matter yield.  
 
Water use efficiency (WUE) was calculated as the ratio between grain yield to water use 
(calculated as initial soil water plus in-crop rainfall). The harvest index was also calculated 
and reported. 
 
5.2.4. Simulation experiments 
 
Simulation experiments were done using APSIM model to research the effect of different 
cultivar types, a mixture of cultivars and sowing windows on maize productivity under 
variable and long-term(n=34) seasonal condition. In the case of cultivar mixtures, two 
cultivars were sown as if they were intercropped using the canopy module in APSIM 
(www.apsim.info). The component crops were sown at the same sowing dates using uniform 
soils and management conditions. The outputs of the two cultivars were aggregated to give 
a single total yield, biomass, and other yield components. Simulations were run using 
APSIM-maize 7.8 version. Sowing opportunities were defined as dates when 20 mm of 
rainfall accumulated over three days. In the model, sowing took place whenever these 
events occurred between 1 March and 31 May (Belg), and between 1 June and 31 July 
(Kiremt). The factorial combinations of simulated scenarios gave six simulation treatments 
(which were the same as the treatment combinations during the field experiment in 2015, 
see Table 16), simulated over 34 seasons (1982-2015). 
 
The APSIM soil module was parameterized with data from soils of respective sites (Table 
14). Simulations were run initially with 50% of plant available water content (PAWC) based 
on initial soil water analysis and assuming soil profile at sowing was partially recharged after 
months of dry duration (called Bega season which extends from October to March). The 
model was initialized with 8 kg ha-1 initial soil nitrogen. In APSIM the simulation experiment 
was sown each season for 34 seasons (1982-2015) whenever a sowing criterion, 20mm 
rainfall accumulated in three days, was met. Soil water, soil nitrogen, and surface organic 
matter were reset every season on the 31st of December. Sowing density of 5 plants m-2, 
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sowing depth of 0.05 m and row spacing of 0.75m was used following the local 
recommendation for maize cultivation. The simulation was run with the application of 41kg 
N ha-1 (18 kg N at sowing and 23 kg N after 30 days from sowing) using urea fertilizer module 
for all sites and treatments.  
 
The performance of the calibrated model was tested by the extent of prediction of observed 
variables using data from 2015 season field trials. Observed and simulated values were 
compared using the root mean square error (RMSE). RMSE was computed as: 
RMSE = ���P𝑖𝑖− O𝑖𝑖�2
n
i=n
i=1
 
Where; Pi= predicted value; Oi=observed value; n is the number of observations. RMSE 
values closer to zero indicates a good model performance and higher values poor model 
performance (Mohanty et al. 2012). RMSE was computed for the comparisons between 
predicted and simulated grain and biomass yield predictions.  
 
Simulation outputs such as yield components (grain yield and total biomass) were 
associated with nitrogen and water stress indices. In APSIM water stress index is a function 
of soil water deficit factors corresponding to crop critical processes such as phenology, 
photosynthesis, and expansion. A water availability ratio is calculated by dividing actual soil 
water supply by the potential soil water supply. The resulting ratio drives the stress factor 
for the critical crop processes and a value of 1 indicates no water stress and 0 value 
indicates complete water stress (www.apsim.info). Another important process in APSIM is 
the N process. N deficit affects the same critical crop processes based on N availability 
factors, which is the function of N concentration ratio. N concentration ratio is computed from 
the N concentration in stover at different concentration levels. Different constants are then 
used to convert the N concentration ratio into a stress factor for each of crop processes. A 
value of 1 indicates no N stress and 0 shows completely N stressed condition(Probert et al. 
1998). 
 
Water use efficiency was also calculated by dividing the simulated maize yield (kg ha-1) with 
the sum of initial soil water at sowing and in-crop rainfall amount (mm) and subtracting soil 
water at harvest. Furthermore, the soil water supply and crop demand ratio were simulated 
and used to characterize the moisture stress pattern along the seasonal types (dry, normal 
and wet) obtained from the clustering analysis of annual rainfall totals. 
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A downside risk was defined for this simulation analysis as the probability of achieving yield 
lower than the food availability threshold (2 t ha-1 of maize grain), value needed to meet the 
daily energy requirement of an average size of a farming household (seven adult equivalent) 
in the study regions (FAO 2004; Teklewold et al. 2013). Frelat et al. (2016) used 10.5 MJ 
per capita per day as the threshold for potential food equivalent energy (PFE) requirement 
in SSA, which could be equivalent to 1.8 kg of maize per year per household.  
 
5.2.5. Data Analysis 
 
Analysis of variance (ANOVA) was used to identify treatment and interaction effects in the 
field experiments. Mean separation was done based on the least significant difference (LSD) 
using Statistix vers.8 analytical software (Statistix 2003). Statistical analysis was employed 
for both experimental and simulated data sets using R statistical and graphics packages (R 
Core Team 2014). Simulated variables (e.g. grain and biomass) were plotted using box-and-
whisker plots to show the pattern of response to cropping system scenarios tested.  
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5.3. Results 
 
5.3.1. Climate: rainfall and temperature variability 
 
Figure 23 shows that the short cropping season, known as Belg (March-May) received 21-
32% rainfall and the main cropping season, known as Kiremt (June-September) received 
49-68% of the annual rainfall. The monthly distribution of Belg rainfall was highly variable 
(CV=47-81%) and the Kiremt moderately variable (35-41%) across seasons (1982-2015). 
At Arsinegele, the long-term average monthly rainfall between April-September was 
120mm/month. At Melkassa and Ziway the highest monthly rainfall was received in July and 
August i.e. 142-192 mm/month (Figure 23). During the Belg season, the average rainfall 
ranged between 169 to 315mm during March and May and Kiremt received average rainfall 
ranging between 447 to 553 mm between June and September.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23. Mean monthly distribution of long-term rainfall (1982-2015) at 
Arsi Negele Melkassa and Ziway sites. The upper and lower whiskers, the 
box, the bar line in the box, and the black dots, represents the 5th-95th 
percentiles, 25th-75th percentiles, median, and outliers of monthly rainfall 
distribution, respectively. 
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The distribution of monthly maximum and minimum temperatures showed considerable 
intraseasonal and season to season variability (Figure 24). For example, the maximum 
temperature got lower during the main rainy season (Kiremt) while the minimum temperature 
reducing the temperature amplitude. The average maximum temperature ranged between 
28 to 31°C and 25 to 28°C during Belg and Kiremt seasons, respectively. Similarly, the 
average minimum temperature ranged between 14 to 15°C and 15 to 16°C during the Belg 
and Kiremt seasons, respectively. 
 
5.3.2. Seasonal classification based on the clustering of rainfall 
 
The clustering of annual rainfall totals showed different proportions of normal, dry and wet 
seasons (Table 16). Seasons that fall into dry season category were between 15 and 38% 
with mean annual rainfalls ranging between 531 and 652 mm across sites. At Melkassa, the 
proportion of dry seasons was highest (38%). The proportion of normal seasons varied 
between 44 and 58%, with annual rainfall totals between 767 and 904 mm. Arsi Negele 
experienced a higher proportion of wet seasons (32%), while at Melkassa and Ziway the 
proportion of wet seasons was similar, about 19%.  
Figure 24. Mean monthly distribution of minimum (lower lines of box plots) 
and maximum (upper lines of box plots) temperature for the period 1982-
2015 at Arsi Negele, Melkassa and Ziway sites. 
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There exist categorical similarity and differences across the sites. 1994, 1995, 2002 and 
2015 seasons were the driest and 2008 and 2010 were the wettest seasons in the semi-arid 
regions (Melkassa and Ziway) (Table 16). The 2015 season was the driest season of a 
recent decade in all sites. These seasonal types will further be examined based on the 
pattern of soil water supply/crop demand ratios resulting from the simulation analysis. 
 
5.3.3. Dry spells and sowing opportunities 
 
Figure 25. Dry spell duration (continuous dry days with <1mm/day rainfall) observed 
between March-July at three locations of central and southern Rift Valley. Error bars indicate 
standard error of the mean dry spell duration observed in each month during 34 seasons 
 
Cluster Type Mean Rainfall (mm) Years/seasons
Cluster 1 Dry 652 1984, 1990, 2009, 2012, 2015
Cluster 2 Normal 904 1982-83, 1985, 1987-88, 1991-94,1999, 2000, 2002-05,  2008, 2011, 2013-14
Cluster 3 Wet 1117 1983, 1986,1989, 1995-98,2001, 2006-07,2010
Cluster 1 Dry 613 1982, 1984, 1986-90, 1992, 1994-95, 2002, 2009, 2015
Cluster 2 Normal 799 1983, 1985, 1991, 1993, 1996-97, 1999,2000-01, 2003-06, 2011, 2014
Cluster 3 Wet 975 1998,2007-08, 2010,2012, 2013
Cluster 1 Dry 531 1986, 1987, 1994, 1995, 1999, 2002, 2015
Cluster 2 Normal 767 1985, 1988,1990-2, 1997,2000-01, 2003-07, 2009, 2011-14
Cluster 3 Wet 949 1989, 1993,1996, 1998, 2008, 2010
58
19
% seasons
Melkassa
38
44
18
Ziway
23
Arsi Negele
15
53
32
Table 16. Seasonal types based on the clustering of annual rainfall totals at 
experimental sites in central and southern Rift Valley of Ethiopia 
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Figure 25 shows the summary of dry spell durations observed in the cropping months 
(March-July). The season starts with high mean values of dry spells i.e. 15-20 days at 
Melkassa and Ziway. At Arsi Negele, the season starts with the frequency of less than two 
weeks long dry spells.  
 
The mean length of dry spell duration observed during March-June was 14 days at Melkassa 
and Ziway and 7days at Arsi Negele. During July the dry spell duration tends to be the 
shortest (< 5 days) at all sites (Figure 25).  
 
 
The mean number of sowing opportunities that occurred in April, May, June, and July crop 
sowing windows were determined using a rainfall threshold (20mm rainfall accumulated over 
three days) and dry spell criteria (no dry spell greater than 10 days for next 30 days after 
sowing). This analysis was used to determine the median number of sowing opportunities 
between March and July. Sowing opportunities that took place between March and May 
Figure 26.Distribution of sowing opportunities in monthly (starting from March first or 
61st of the Julian days of the year i.e. Julian days of 100= April 9; 150=May 29 and 
200=July 18) and seasonal (Belg=March-May, Kiremt=June-July) planting windows at 
Arsi Negele, Melkassa and Ziway.  
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were classified as Belg sowing opportunities and those falling between June and July as 
Kiremt sowing opportunities. 
 
At all sites, the Belg sowing windows were much more variable than the Kiremt sowing 
windows (Figure 26). The median sowing date during the Belg season was April 9 (e.g.100th 
Julian day) and 12 at Arsi Negele and Melkassa, respectively, whereas at Ziway it occurred 
on April 28. The Kiremt median sowing dates were June 27, July 1 and June 9 for Arsi 
Negele, Melkassa and Ziway sites, respectively, with much less variability (CV=5-13%) at 
all sites. 
 
March and April sowing windows in Arsi Negele missed a sowing opportunity in 30% of 
seasons. These missed sowing opportunities during March and April (where sowing criteria 
was not met) were much higher, 68% and 86%, at Melkassa and Ziway, respectively. This 
indicates that, based on this strict criteria, March and April were not suitable for maize 
sowing during dry seasons and in the drier districts (Melkassa and Ziway). The May sowing 
window had no sowing opportunity in 34-68% of seasons in these districts as well. In 
aggregate, Belg sowing window missed a sowing opportunity in 42% of seasons at Melkassa 
and Ziway whereas Arsi Negele had Belg sowing opportunities almost in all seasons. On 
the other hand, the Kiremt sowing window (June-July) showed no missed sowing opportunity 
and less variability at all sites (Figure 26). However, the June sowing window alone had 
missed sowing opportunities in 21%, 34% and 39% of seasons at Arsi Negele, Melkassa 
and Ziway, respectively. 
 
5.3.4. Performances of field experiments 
 
Cultivar types as affected by nitrogen levels 
 
Maize cultivars grain yield and biomass were significantly affected by nitrogen levels at 
Melkassa (Table 17). The difference was much evident between no nitrogen and nitrogen 
fertilized treatments with 41 and 169 N kg ha-1. However, the cultivars did not show much 
difference between 41 and 169 kg ha-1 nitrogen applications. The nitrogen by cultivar 
interaction did not affect significantly (p<0.05) maize grain, biomass and harvest index (Table 
18). 
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Effect of sowing windows and cultivar types on maize productivity 
 
The 2015 season was an El Nino year. Therefore, field experiments were severely drought 
affected. The 2015 season received much lower in-crop rainfall than 2014 season. The 
season recorded 49.2%, 38.5% and 27.4% lower in-crop rainfall than the long-term average 
at Arsi Negele, Melkassa, and Ziway, respectively (data not shown). Consequently, the Belg 
sowing window (Belg) failed at Melkassa and Ziway, and only data from the late sowing 
treatment (Kiremt) was collected and reported here. At Arsi Negele both sowing windows 
were sown and produced data (Table 19). Maize yields were significantly higher for short 
maturing cultivar (V1 or MH130) than longer maturing cultivar (V2 or MH140) at Melkassa 
Table 18. Analysis of variance for maize grain yield, total biomass and harvest index as 
affected by cultivars (MH140 & BH540), levels of nitrogen supply (0,41 and 169 kgha-1), 
and interactions at Melkassa during the 2014 cropping season 
se Variance F test se Variance F test se Variance F test 
Cultivar 0.24 1.27 ns 1.14 9.62 ** 0.027 5.9 *
Nitrogen 0.29 8.98 ** 1.39 10.27 ** 0.033 2.87 ns
Cultivar x Nitrogen 0.41 1.63 ns 1.97 0.81 ns 0.047 1.56 ns
CV (%) 13.7 20.7 17.3
ns=mean differences are not significant; *,** means are significantly different at 0.05,0.01 probability 
levels, respectively. se= standared error.
Grain yield Total Biomass Harvest indexVariables
Table 17. Mean (95% confidence interval) maize grain yield, total biomass and harvest index 
(HI) observed in response to two maize cultivars (MH140 and BH540) and three levels of 
nitrogen (0,41 and 169 kgha-1) at Melkassa in 2014 cropping season 
Cropping Systems Grain yield (t/ha) Biomass (t/ha) HI
MHN0 3.3 (1.6,5.1) 9.5 (4.9,14.2) 0.35 (0.22,0.47)
MHN41 3.8 (3.2,4.3) 17.5 (9.3,25.7) 0.22 (0.12,0.33)
MHN169 4.3 (3.6,5.1) 13.2 (10.9,15.5) 0.32 (0.31,0.34)
BHN0 2.6 (0.9,4.3) 7.3 (6.4,8.3) 0.35 (0.17,0.53)
BHN41 4.1 (3.6,4.6) 12 (7.3,16.6) 0.35 (0.23,0.46)
BHN169 3.9 (2.9,5.0) 10.4 (2.0, 18.8) 0.39 (0.21, 0.56)
CV(%) 13.7 20.7 17.3
se 0.41 1.97 0.047
LSD 0.91 4.38 0.104
Means followed by the same letters are not significantly different (p<0.05 ).
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and Ziway for Kiremt sown crop. The mixture of cultivars did not show significant differences 
than pure stands of MH130 but was higher than MH140 pure stand in such stressed 
seasonal condition.  
 
The yield reduction for MH140 was 46% and 32% for Kiremt sowing at Melkassa and Ziway, 
respectively (Table 19). The mixture sown in Kiremt (MPD2) showed higher yield than 
MH140 pure stands at Melkassa and Ziway with a yield advantage of 27% and 35%, 
respectively. Generally, despite low yields due to the drought in the 2015 trial season, the 
short duration cultivar and the mixture of cultivars out-yielded the long maturing cultivar 
(MH140). 
 
In Arsi Negele district, with a sub-humid climate, both sowing windows were successful. The 
maize cultivars in pure stands as well as mixtures were significantly higher for the Belg 
sowing window and out-yielded significantly the Kiremt sowing window by 21-46% (Table 
19). At this location, MH140 produced 29% more yield than MH130 in the Belg sowing 
window. Concurrently, the mixture or MPD1 also showed greater performance with 19% 
yield increase over short duration cultivar sown during Belg. However, during the late sowing 
window (PD2) the superiority of MH140 and the mixture was minimal, only 5% increase over 
Belg maturing cultivar (MH130) at Arsi Negele (Table 19). 
 
When the effects of cultivar and cultivar mixtures are compared during Kiremt sowing 
window, the short maturing cultivar showed higher harvest index (HI) and WUE than the 
long duration cultivar and the mixture. MH130 cultivar showed 49% more WUE and 52% 
higher HI than MH140 at Melkassa. 
 
At Ziway the Belg maturing cultivar and the mixture produced better yields than the long 
maturing cultivar (Table 19). MH130 and the mixture of cultivars out-yielded MH140 cultivar 
by 32-35% grain yield. Accordingly, MH130 and the mixture of cultivars showed 37% and 
22% higher HI, and31% and 34% higher WUE than MH140, respectively. Regardless of 
these differences, the yield variation patterns were similar across the three sites, that is, the 
short maturing cultivar had higher yields than the long maturing cultivar. Concurrently, the 
yield advantage from the mixture was contributed from the higher yield of the short maturing 
cultivar (MH130) in the semi-arid environments. Significant (p<0.05) differences were 
observed among sites when the overall mean grain and biomass yields were compared 
(Table 20). 
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Maize productivity and water use efficiency were higher towards the southern Rift Valley, 
where sub-humid environments dominate (Table 20). The productivity of maize ranged from 
1 to 4.8 t ha-1for maize yield and 6.5 to 17 t ha-1 for biomass. This productivity gradient 
among sites was also reflected significantly with large ranges of harvest index (0.17-0.28) 
and water use efficiency (4-15 kg ha-1mm-1) (Table 20). However, none of the reported 
variables (grain yield, biomass, harvest index, and WUE) were affected by cultivar and 
location interactions (Table 21) across sites.  
Table 19. Mean maize grain yield and biomass observations in response to cultivar types 
(V1=MH130; V2=MH140; M=mixture of V1 & V2) and sowing windows (PD1=Belg and 
PD2=Kiremt) at Arsi Negele, Melkassa and Ziway sites. Sowing windows were not compared 
at Melkassa and Ziway due to Belg failure in 2015 
GY (t/ha) Biomass (t/ha) GY (t/ha)
Biomass 
(t/ha) GY (t/ha)
Biomass 
(t/ha)
V1PD1 6.1bc 15.4c NA NA NA NA
V2PD1 8.6a 27.6a NA NA NA NA
MPD1 7.5ab 20.9b NA NA NA NA
V1PD2 4.9c 15.9c 1.3a 6.1a 2.8a 9.8a
V2PD2 4.6c 17.9bc 0.7b 7.3a 1.9a 10.1a
MPD2 4.9c 16.8bc 0.9b 6.1a 2.9a 11.6a
CV (%) 15.8 13.7 16.9 30.8 31.5 19.4
se 0.78 2.14 0.13 1.64 0.65 1.67
LSD (p=0.05) 1.75 4.76 0.37 4.5 1.82 4.62
GY=grain yield, NA=yields are not available due to early season cropping failure at Melkassa & 
Ziway. Means followed by the same letters are not significantly different (p<0.05 ) 
Cropping 
Systems
Arsi Negele Melkassa Ziway
Location Grain yield (t/ha) Biomass (t/ha) HI WUE (kg/ha/mm)
Arsi Negele 4.8a 16.9a 0.28a 14.8a
Melkassa 0.9c 6.5b 0.17b 4.1b
Ziway 2.6b 10.5b 0.22ab 8.2b
CV (%) 50.4 38.6 31.9 49.0
se 0.66 2.06 0.03 2.08
LSD (p<0.05 ) 1.38 4.3 0.07 4.38
Means followed by the same latters are not significantly different at p<0.05.
Table 20. Summary analysis of variance of maize grain yield, biomass, harvest index 
and water use efficiency (WUE) in response to cropping systems tested accross sites 
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Generally, the study sites showed a productivity gradient along the Rift Valley where the 
southern Rift Valley region showed higher productivity than the central Rift Valley region. 
This result is not conclusive as it was only done for one season and in typically drought 
season. The dry seasonal condition could have contributed to the wider extent of productivity 
gaps among sites. In rainfed agriculture and variable climates, field experimentation is 
required to be carried out by several years before clear responses can be identified. In the 
absence of such a long-term experimentation crop simulation modelling can help untangle 
the effects of climate variability in field trials. Here we used the APSIM model to research 
the impact of climate variability on maize yield during the period 1982-2015, for combinations 
of cultivars of different maturity, a mixture of cultivars, and sowing dates, on maize 
productivity. We based our assumption on the fact that crop models have been useful tools 
in complementing and adding value to limited season field experimentations and 
observations (Dixit et al. 2011; Holzworth et al. 2014). 
 
5.3.5. APSIM model calibration and validation 
 
The APSIM model adequately reproduced the results from field experimentation and the 
effects of cultivars and levels of nitrogen supply on the productivity of maize (Figure 27). 
Parameters Variability indicators Location Cultivar Location x Cultivar
Grain yield se 0.66 0.66 1.14
Variance 17.14 0.43 0.09
P value 0.0001 0.655 0.983
Biomass se 2.06 2.06 3.56
Variance 12.94 0.16 0.11
P value 0.0003 0.849 0.979
HI se 0.03 0.03 0.06
Variance 6.08 3.61 0.34
P value 0.01 0.048 0.849
WUE se 2.08 2.08 3.61
Variance 13.5 0.59 0.11
P value 0.0003 0.566 0.977
Table 21. Summary of analysis of variance for maize grain yield, biomass, harvest index 
(HI) and water use efficiency (WUE) observed from cropping systems tested in 2015 at 
Arsi Negele, Melkassa and Ziway locations. Data compared are only from Kiremt sowing 
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The RMSE was 1.6 t ha-1 and 3 t ha-1 for observed and simulated maize grain yield and 
biomass, respectively, and the coefficient of determination (R2) was 0.83 and 0.77 for yield 
and biomass, respectively. Overall, the model performed well in predicting crop responses 
to cultivar types and sowing windows (Figure 28). 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.3.5. Scenario analysis with APSIM: cultivar types and sowing windows interactions 
 
The long-term simulations showed significantly higher and stable maize yield (CV=28%) in 
the sub-humid environments (e.g. Arsi Negele) than the semi-arid environments (e.g. 
Melkassa & Ziway) (Figure 29). At Arsi Negele, the long maturing cultivar gave a significantly 
Figure 27. Comparison of observed and simulated maize grain yield and biomass in 
response to three levels of nitrogen at Melkassa in 2014 season. Diagonal dashed 
line indicates 1:1 relationship. 
Figure 28. Comparison of simulated and observed maize grain yield and biomass (tha-1) 
obtained in response to cultivar types and cultivar mixtures from field experiments 
conducted at Melkassa, Ziway and Arsi Negele sites in 2015 cropping season. Diagonal 
dashed lines indicate 1:1 relationship of observed and simulated variables. 
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higher yield than the short maturing cultivar both in the Belg and Kiremt sowing windows. 
The same trend was observed in the other sites, though the mean differences were not 
significant. The simulated median maize yield in response to Belg sowing window using 
short duration cultivar ranged between 4.3 and 7.6 t ha-1 across sites, while the late sowing 
window with the same maturity cultivar had median yields ranging between 4.5 to 7.4 t ha-1 
(Figure 29 and Table 22). Likewise, the long duration cultivar had median maize yields 
ranging from 4.3 to 12 t ha-1 and 5.2 to 12 t ha-1across sites, during Belg and late sowing 
windows. The high values of these yield ranges were from the high potential sub-humid 
environments (e.g. Arsi Negele). 
 
  
 
The yield and biomass responses to cultivar maturity were small in the semi-arid 
environments of Melkassa and Ziway. The mean yield and biomass of long maturing and 
mixture of cultivars were higher than short maturing cultivars (Table 22). Across cultivars 
and cultivar mixtures the simulated median total aboveground biomass ranged between 18.9 
and 19.9 t ha-1; 9.9 and 11.7 t ha-1; 7.6 and 9.1 t ha-1, for the Belg and late sowing windows 
at Arsi Negele, Melkassa, and Ziway, respectively. 
 
Figure 29. Distribution of simulated maize yields and biomass production for the tested 
cropping systems. Simulations were run with three cultivar types (V1=MH130, 
V2=MH140 and M=mix of V1 & V2) and two sowing windows Belg (PD1=April 15-May 
31) and Kiremt (PD2=June 1-July 31) for 1982-2015 cropping seasons. 
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However, in the sub-humid environment of Arsi Negele, the cultivar responses were 
significant (p<0.05) where long maturing and mixture cultivar types out-yielded the short 
maturing cultivar. The yield advantage of the long maturing cultivar and the mix of cultivars 
varied between 21 and 38% at Arsi Negele; 15 and 27% at Melkassa; and 8 and 16% at 
Ziway (Table 22). This shows that farmers are likely to lose 21 to 38%, 9 to 27%, and 8 and 
16% from using only short maturing cultivars across seasons (Table 22). However, at Ziway 
the use of long maturing and mixtures of cultivar types during the Belg sowing window 
showed 17 to 28% yield reduction compared to using a short maturing cultivar (Table 22). 
 
 
Sowing during the Belg season had significantly (p<0.05) lower grain yields than sowing 
during the Kiremt sowing window. Across cultivar types, the mean yields from Belg sowing 
window were 9.2 t ha-1, 4.6 t ha-1 , and 3.6 t ha-1 at Arsi Negele, Melkassa and Ziway, 
respectively (Table 22). Similarly, maize sowings during Kiremt resulted in a mean yield of 
Table 22. Summary statistics of simulated maize yield (t/ha) based on Belg sowing 
window (15 April-31 May) and Kiremt sowing window (1 June- 31 July) and cultivar types 
(V1=short maturing cultivar-120 days; V2=long maturing cultivar-140 days; and 
M=mixture of V1 and V2). 
Arsi Negele Belg V1 7.2 7.6 1.24 0.21 17.2 -
V2 11.3 11.9 1.86 0.32 16.5 36
M 9.1 9.5 1.56 0.27 17.1 21
Kiremt V1 6.9 7.4 1.35 0.23 19.5 -
V2 11.1 12.4 3.16 0.54 28.5 38
M 9.0 10.0 2.19 0.38 24.4 23
Melkassa Belg V1 3.8 4.6 2.03 0.35 53.8 -
V2 5.2 6.0 1.94 0.33 37.7 27
M 4.9 5.6 1.75 0.30 36.0 22
Kiremt V1 5.0 5.4 1.21 0.21 24.1 -
V2 5.8 6.3 1.41 0.24 24.2 15
M 5.5 5.9 1.28 0.22 23.4 9
Ziway Belg V1 4.1 4.3 1.05 0.19 25.7
V2 3.5 4.3 1.72 0.31 49.3 -17
M 3.2 4.0 1.68 0.30 53.0 -28
Kiremt V1 4.4 4.5 0.74 0.13 17.0 -
V2 5.1 5.2 0.77 0.14 15.1 16
M 4.8 4.9 0.7 0.13 14.5 8
sd, se= standard deviation and standard error values , respectively
CV (%)Location Sowing 
window
Cultivar Mean Median sd se % Advantage
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9 t ha-1 at Arsi Negele, 5.4 t ha-1at Melkassa and 4.8 t ha-1 at Ziway. Maize sowings during 
the Belg season showed yield reductions of 15 to 25%, compared to sowing during the 
Kiremt season, at Melkassa and Ziway sites. Besides, maize yield variability across seasons 
was higher (CV=36-53%) for Belg sowings compared to Kiremt sowings (CV=15-24%), at 
Melkassa and Ziway. However, at Arsi Negele the yield variability of Belg sowing was lower 
(CV=15-16.7%) compared to that of Kiremt season sowings (CV=20-29%) (Table 22). 
 
5.3.6. The effects of cultivar types, cultivar mixtures and sowing dates on seasonal water 
and nitrogen stress patterns 
 
The productivity of maize in either pure stands or mixtures was greatly affected by water 
and nitrogen stresses in rainfed growing conditions. The average simulated water stress 
index ranged between 0.56-0.74, 0.43-0.77 and 0.52-0.7 at Arsi Negele, Melkassa, and 
Ziway, respectively (Figure 30). Which means that Melkassa experienced relatively more 
water stressed seasons than the other sites. In the case of nitrogen stresses, the average 
nitrogen stress ranged between 0.75-0.93, 0.6-0.75 and 0.64-0.78 at Arsi Negele, Melkassa, 
and Ziway, respectively. From the sowing windows perspective, both Kiremt and Belg 
seasons showed high proportions of low yields affected by water stresses at Melkassa and 
Ziway (Figure 30). Sowings during the Kiremt showed the lowest values of the water stress 
index (0.46-0.67) at Melkassa, which implies high levels of water stress. Simulated maize 
yield was not affected by the N stress at both sowing windows (note that all simulation trials 
were uniformly supplied with 41 kg of N) (Figure 30). When water and nitrogen were not 
limiting (see the top right corner of panels in Figure 30), yields tended to be higher during 
both sowing windows at Arsi Negele and Melkassa (Figure 30).  
 
The patterns of water stress calculated as the ratio between soil water supply to crop water 
demand starting from sowing are shown in Figure 31. The vertical dashed lines indicate the 
time of flowering to respective sowing windows and cropping systems. The stress patterns 
in Figure 31, were different for the Belg and Kiremt sowing times. The Belg sowing window 
showed water stresses around flowering (62-77 DAS) in the semi-arid regions of Melkassa 
and Ziway. Whereas at Arsi Negele, the stress developed after flowering, and only for driest 
seasons (15% of seasons, n=34), irrespective of the sowing season (Figure 31). For the 
Belg sowing season, crop stress decreased after flowering as the crop moves into the main 
rainy season (Kiremt). The use of short-maturing maize cultivars in the semi-arid 
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environments could be a practically feasible option during the typically dry and average 
seasons so that moisture stresses are avoided during flowering and grain filling. This is 
shown in Figure 31at Ziway, where the stress was higher even for average season types 
when long maturing or mixtures of cultivars were sown in Belg. 
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Figure 30. Average water and nitrogen stress indices for simulated cropping systems (maize sowing windows 
PD1=Belg sowing window between15 April-31 May and PD2=Kiremt sowing window between 1 June-31 July), and 
cultivar types (V1=short maturing cultivar-120 days; V2=long maturing cultivar-140 days; and M=mixture of V1 and 
V2). Both indices show stress levels from 1(no stress) to 0 (fully stressed) condition. The colored data points represent 
simulated maize yield distributions along water and nitrogen stress levels. The diagonal line cuts the observations 
into two sections; above and below the diagonal line indicate nitrogen-limited and water-limited conditions, 
respectively. 
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Figure 31. Average water stress index relative to flowering dates for seasonal types (dry, normal and wet), 
sowing windows (PD1=Belg sowing window between15 April and 31 May and PD2=Kiremt sowing window 
between 1 June and 31 July), and cultivar types (V1=short maturing cultivar-120 days; V2=long maturing 
cultivar-140 days; and M=mixture of V1 and V2 in alternate rows of same plot). The soil water supply/crop 
demand ratio values of 1 indicates no water stress while a ratio of 0 implies to full stress. The dashed lines 
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5.3.7. Water use efficiency as affected by cultivar types and sowing dates 
 
Long maturing cultivars showed high water use efficiencies (10-18 kg mm-1ha-1) at all sites, 
followed by a mixture of cultivars, and short maturing cultivars (Figure 32). It was also noted 
that across sites, cultivar mixtures showed 5-19% higher WUE compared to WUE of pure 
stands of short-maturing cultivars, during the Kiremt sowings. Arsi Negele showed the 
highest values of WUE, with little difference between sowing seasons.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.3.8. Downside risk 
 
We examined the downside risk, which is the percentage value lower than a designated 
threshold response value from a practice or technology choice in three testing sites. Figure 
33 shows the cumulative distribution functions of yield and the derivation of downside risk 
values (i.e. vertical dashed line) across the simulated treatments. Arsi Negele had achieved 
the 2 t ha-1 food availability threshold across all seasons. At Melkassa, Belg sowings and 
short maturing cultivars did not achieve the 2 t ha-1 threshold in about 25% of the seasons. 
Figure 32. Water use efficiency of cropping systems tested across three sites in the 
central and southern Rift valley regions of Ethiopia. Water use efficiency was 
calculated from the initial soil water at sowing and in-crop rainfall by subtracting the 
soil water at harvest and dividing by simulated maize yield. 
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At Ziway, Belg sowings of mixtures of cultivars, and long maturing cultivars did not achieve 
the 2t ha-1 threshold in 20 and 30% of seasons, respectively (n=34).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 33. Cumulative distribution of simulated maize yield in response to sowing 
windows (PD1=Belg sowing window between15 April-31 May and PD2=Kiremt 
sowing window between 1 June-31 July), and cultivar types (V1=short maturing 
cultivar-120 days; V2=long maturing cultivar-140 days; and M=mixture of V1 and 
V2). The vertical dashed lines show the threshold of2 tha-1 maize grain yield 
defining an average annual household maize requirement  
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5.4. Discussion 
 
5.4.1. Challenges and opportunities in rainfed maize production systems 
 
The analysis of the climatic characteristics revealed that the central and southern Rift Valley 
region exhibit highly variable rainfall. The region can support Belg season sowings of long-
cycle crops such as maize in 58% of seasons. Besides, it was realized that the frequency of 
dry seasons was 15-38% compared to agriculturally favorable, normal and wet seasons (62-
85%). However, the impacts of dry seasons could be long-lasting for smallholder and less 
resilient farmers in the region. The analysis confirmed that historically known drought 
seasons (such as 1984, 2002, 2009 and 2015) fall in the dry seasons’ category. For 
instance, the experimental season 2015, was characterized as El Nino season where it 
received the lowest rainfall (27-49% annual rainfall deficit) in 50 years and affected the food 
security status of more than 10 million people in Ethiopia (UNOCHA 2017). On the other 
hand, two-thirds of the favorable Belg seasons can be considered as positive opportunities 
to optimize productivity when relevant information (e.g. climate) is combined with 
appropriate practices. Hence, the food security problem in this region is not always climate-
driven but also how farmers are informed and respond to the prevailing seasonal conditions 
to guide their choices and decisions (Shiferaw 2008).  
 
Intra-seasonal dry spells are the major source of risk and crop yield variability for rainfed 
cropping systems in the semi-arid environments (Barron et al. 2003; Seleshi & Camberlin 
2006; Enfors et al. 2009). Frequent and long duration (greater than 10 days) dry spells are 
also the greatest challenges for Belg season crops yield variability in semi-arid regions of 
Ethiopia (Seleshi & Zanke 2004; Seleshi & Camberlin 2006; Bewket & Conway 2007; Bitew 
et al. 2015). Our dry spell analysis showed that Belg sowing window was characterized by 
the occurrence of 15-20 days of a dry spell while the frequency and duration were lower (5-
7 days) in Kiremt season. However, the dry spell duration during Belg was relatively shorter 
in the southern region of the Rift Valley e.g. Arsi Negele, which makes Belg suitable for 
growing long-cycle crops production in that region. Therefore, optimizing the Belg suitability 
by using more productive and efficient cropping practices could have a paramount 
importance in improving the food security of the farming communities in those regions.  
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5.4.2. Productivity and water use efficiency improved with cultivar and sowing window 
variations 
 
The choice of cultivar types and matching with the prevailing climatic conditions has been 
the prime practice for adaptation and optimization of resources in regions with variable 
climates (Tesfaye & Walker 2004b). In typically dry seasons, such as 2015, relatively better 
maize yield (32-46%) was obtained from short duration cultivar than the long duration 
cultivar in the semi-arid central Rift Valley region (e.g. Melkassa and Ziway). Cultivar 
mixtures were also reported as climate risk adaptation practices in uncertain seasonal 
conditions under smallholder farmers situations (Tilahun 1995; Smithson & Lenne 1996; 
Wang et al. 2017). Our result suggests that the practice of cultivar mixture could be as 
productive as seasonally suitable cultivar (e.g. short duration cultivar) and better than 
seasonally unsuitable cultivar choice (e.g. 27-35% yield advantage over the long duration 
cultivar (Table 19). The yield advantage from the cultivar mixture was contributed from the 
best performing cultivar in the dry season. At Ziway for instance, the short duration cultivar 
was the major contributor to the higher yield observed in the mixture. Whereas at Arsi 
Negele, the long maturing cultivar was the major yield contributor to the mixture (Table 
20).This result is concurrent with the findings of Tilahun (1995), that up to 29% yield gains 
obtained from cultivar mixtures where major yield contributors were early maturing cultivars 
during Kiremt sowing seasons and long maturing cultivars during successful Belg sowing 
seasons.  
 
In the sub-humid region of the southern Rift Valley, e.g. Arsi Negele, the earlier Belg sowing 
opportunity gave significantly higher yield advantage (21-46%) over the Kiremt sowing 
opportunity. The long maturing cultivar and the mixture of cultivars utilized the successful 
earliest sowing opportunity and gave 18-29% more yield than short maturing cultivar. 
However, this superiority was not the same in the Kiremt sowing window where not more 
than 5% increase observed. This could be because of the early cessation of the season and 
increased frequency of terminal stresses late in the Kiremt affected the longer duration 
cultivars in driest cropping seasons. Water deficit in the Kiremt season has been a major 
threat in El Nino drought seasons such as 2015 which caused significant yield reductions in 
various crops (Gleixner et al. 2016). 
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The productivity increase observed from the short duration cultivar and the cultivar mixture 
during Kiremt season reflected also in increased water use efficiency (30-49%) and harvest 
index (32-52%) in the semi-arid regions. This could be because of the higher biomass 
observed from long duration cultivar that was not converted to grain due to water stress and 
shorter growing duration of Kiremt sowing window (Table 18). In such water-limited 
environments, low HI could be experienced due to mismatch of critical crop stages such as 
flowering and seed-filling, to risk of water deficit and high temperature, as it was discussed 
in Passioura and Angus (2010). 
 
Generally, despite low yields due to drought in 2015 season, the yield variation patterns 
were similar across sites in such a way that Belg maturing cultivar and the cultivar mixtures 
performed better than the late maturing cultivar. The cultivar mixtures gained an advantage 
from short duration cultivar in Kiremt sowing windows. This could be because of the short 
maturing cultivars avoided the terminal stress condition the long maturing cultivars 
encountered. This observation was also reported by Tilahun (1995) from a study conducted 
using cultivar mixtures that encountered with drought conditions at Ziway. However, in 
potentially Belg sowing opportunities, the productivity gain could be derived from longer 
duration cultivars. This conclusion may not be conclusive as it was drawn from only one 
season data. Our multi-year modelling analysis below suggests a different outcome.  
 
5.4.3. Modelling the effects of cultivar types, cultivar mixtures and sowing dates on 
productivity and risk 
 
Modelling results from multi-year simulations suggest that farmers could lose 9-38% of 
maize yield for only using short maturing cultivars other than using long maturing and 
productive cultivar mixtures and options in favourable seasons and sites such as Arsi 
Negele. However, it could also result in 17-28% yield reduction as it was noticed at Ziway 
site where the use of long maturing or mixture of cultivars during Belg sowing window. Dry 
spell during maize establishment and delayed sowing was reported to cause 19-42% yield 
reductions in dry land maize production of Sub-Saharan Africa (Ekeleme et al. 2009). 
Folberth et al. (2013) and Kassie et al. (2014b) also reported high productivity (8-10 t ha-1) 
potentials and prospects for the use of long maturing cultivars in favorable seasons in 
eastern and southern Africa environments. 
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The average performance of the cultivar mixture was comparable to the long maturing 
cultivar at all sites. The yield advantage from the cultivar mixture was 22% at Arsi Negele, 
9-22% at Melkassa and 8% at Ziway over the short maturing cultivar except in Belg sowings 
at Ziway (Table 23). Which implies, the mixture could offset the yield differences between 
the use of long and short maturing cultivars in seasonally variable climatic conditions. The 
role of cultivar mixtures for managing seasonal climate risk and stabilizing productivity has 
been reported in the region and elsewhere (Tilahun 1995; Amede et al. 2005; Tooker & 
Frank 2012). Smithson and Lenne (1996) also reported that crop cultivar mixtures are 
important strategies for improved yield stability and minimized pest and diseases severity in 
subsistence agriculture where food security is a priority than qualitative uniformity. Mundt 
(2002) and Tooker and Frank (2012) extensively reviewed and reported the widespread use 
of cereal cultivar mixtures for managing diseases thereby increasing total productivity.   
 
The productivity of maize either in pure stands or mixtures is greatly affected by water and 
nitrogen stresses in rainfed growing conditions. The possible reason for low maize yields at 
Melkassa and Ziway seems yield was dominantly limited by water stress than N stress. This 
could be because of the mid-season and terminal moisture stresses these environments 
experience for late sown maize crops (Figure 31) (Seyoum et al. 2017). Co-limitation of 
nitrogen and water reported increasing productivity and narrowing yield gap (Sadras 2004b; 
Sadras 2005; Cossani et al. 2010). Our results also indicated the tendency of co-limitation, 
whereby relatively better maize yields observed when both water and N are in the medium 
level of stress (Figure 30). From the co-limitation point of view, it can be concluded that 
application of small doses of nitrogen(Ncube et al. 2007; Sime & Aune 2014)or season-
tailored nitrogen recommendation could work better in moisture-stressed seasons. 
 
Long maturing cultivars displayed high water use efficiencies (10-18 kg ha-1mm-1) at all sites 
Figure 32. It was also noticed that the cultivar mixtures improved (5-19%) the water use 
efficiency better than the short maturing cultivar pure stand during the Kiremt sowing 
windows at all sites. This could be because of the complementarities of the component 
cultivars in using the available resources (water, light, and minerals). Wang et al. (2016) and 
Fang et al. (2014) also claimed increased water use efficiency and productivity by a mixture 
of winter wheat cultivars in China.  
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5.4.4. Is Belg sowing window riskier than Kiremt sowing window? 
 
Belg season rainfall has a vital role in Ethiopian agriculture in terms of land preparation, 
growing short season and fast growing crops for food and feed relief following long dry 
season and for sowing long-cycle grain crops such as maize and sorghum (Rosell & Holmer 
2007; Funk et al. 2012a). Belg season contributes 5-30% and 30-60% of annual crop 
production in the north, northeastern and south and southwestern Belg growing regions of 
Ethiopia, respectively(Simane & Struik 1993; Cheung et al. 2008). However, our findings 
showed that Belg rainfall displays more variability and less predictability with 15-20 days of 
dry spells than Kiremt seasons, which only shows on average 5-7 days long dry spells. 
Hence, agricultural decision making during Belg, such as sowing of medium to long duration 
maize cultivars is a risky endeavor in semi-arid environments. However, in this study we 
found that overall mean (n=34) productivity of Belg sown maize was comparable to late or 
Kiremt sown maize regardless of the cultivar types and their mixtures in the sub-humid 
environments (e.g. Arsi Negele). Which means Belg is potentially exploitable season for long 
maturing and productive cultivars and management combinations.  
 
The seasonal variability of crop yield affects the food availability of subsistence households 
who dominantly rely on agriculture production as their primary source of food security. In 
CSRVE, where maize production is the major source of food energy, seasonal climate 
variability poses a greater risk to disrupt the food availability threshold (e.g. 2 ton of maize 
for a family of seven persons). Hence, Belg sown cropping systems had shown 20-30% of 
seasons producing less than 2 t ha-1 than Kiremt sown cropping systems, at the semi-arid 
regions such as Melkassa and Ziway. The seasonal variability of simulated maize yield 
because of Belg sowing was higher than Kiremt sowing. However, delayed Kiremt sowings 
could also be exposed to mid-season and early or late terminal stresses in these regions 
(Seyoum et al. 2017). 
 
This conclusion may not stand true with the changes in climate towards the more reduced 
and variable Belg rainfall and increasing Kiremt rainfall in the central and southern Rift Valley 
regions of Ethiopia (Muluneh et al. 2015). Muluneh et al. (2015) reported that future 
projections of rainfall showed 20-68% reduction of Belg rainfall while Kiremt increases by 
12-69%. This, in turn, will have greater effect on maize yield reduction by up to 46% in the 
semi-arid regions while 59% yield increase projected for sub-humid and humid regions of 
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the Rift Valley in the future. This would shift the focus of the question into how to better utilize 
the residual soil moisture from the earliest start of a season or the extended Kiremt season. 
This might provide a great opportunity for sustainable intensification in the sub-humid 
environments of the Rift valley. 
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5.5. Conclusion 
 
The climate of central and southern Rift Valley of Ethiopia displays bimodal and variable 
seasonality. Our climate analysis showed that 10-23% dry season and 77-90% normal to 
wet seasons occurred in the last three decades. Accordingly, Belg maize sowing can be 
possible in 58% of seasons in the semi-arid regions of the Rift valley. In the sub-humid 
regions such as Arsi Negele, Belg sowing can be possible starting from the first week of 
April. Belg sowing window could be risky for the semi-arid Rift Valley maize growing regions. 
However, in the sub-humid regions of the Rift Valley e.g. Arsi Negele, the earlier Belg sowing 
opportunity using longer duration and mixture of maize cultivars gave significantly higher 
yield advantage (21-46%) over the Kiremt sowing window. Kiremt is the main sowing 
window, however, sowing in June could fail in 21-39% of seasons or could be delayed to 
early July due to prolonged dry spells. This late sowing decision could expose the maize 
cropping to moisture stresses as early as flowering time especially during dry seasons. 
 
Generally, in the sub-humid environments it is advisable and feasible to use Belg sowing 
window with long maturing and mixture of cultivars for optimizing resources whereas in the 
semi-arid environments such as Melkassa and Ziway, the Kiremt sowing window found to 
be productive (15-25%) and relatively stable (CV=15-24%) with all cultivar types and 
mixtures. Long maturing cultivars could be major yield contributors in mixtures in Belg 
sowing opportunities. Using Belg maize sowing window for relatively longer duration cultivar 
found to be potentially exploitable decision than sowing only in the Kiremt season in sub-
humid regions of the Rift Valley. However, the seasonal yield variability in the semi-arid 
regions was higher for Belg than Kiremt and showed food deficit (unable to produce 2 t ha-
1 of maize) in 20-30% of seasons. This risk can further be minimized by better matching the 
right cultivar choices, cultivar mixture combinations and sowing dates supported by real-
time climate forecasting and other important information. 
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CHAPTER 6. Exploring cropping system strategies for enhancing water and crop 
productivity: an Empirical and modelling approach 
Abstract 
 
Rainfed farming systems in Ethiopia are mostly dominated by mixed crop-livestock farming 
systems, which are characterized by low productivity and poor resource use efficiency 
operated by subsistence smallholder farmers. Due to the increasing population pressure 
and shrinking of cultivable land, much of the future agricultural production increase depends 
on improving yield per unit of land through sustainable intensification than the expansion of 
farmland. The objectives of this chapter were to (i) explore the potentials of alternative 
opportunistic cropping system strategies for enhancing productivity and efficiency of maize-
based systems (ii) assess the benefits and risks of alternative cropping systems and their 
implications to increase food availability among smallholder farmers. Empirical and 
modelling approaches were employed to assess the performance of five alternative cropping 
systems viz. monocropping late maturing (LMz) and short maturing (SMz) maize cultivars; 
double cropping cowpea and maize (CpMz); bean and maize (BnMz); millet and maize 
(MiMz) during Belg and Kiremt seasons sequentially. Field experiments carried out in 2014-
15 were used to calibrate maize and cowpea cultivars in APSIM model. Results showed that 
Belg sown maize-legume double cropping (e.g. CpMz) gave significantly higher crop and 
water productivity than Kiremt sown, maize monocropping. The mean yield of LMz and 
CpMz was 21-26% and 17-23% higher than SMz, respectively. CpMz produced 22-36% 
more biomass than all systems. Belg opportunity sowing produced 2-4 t ha-1 cowpea & bean 
and 1.4-3.6 t ha-1millet biomass. Maize monocropping systems (e.g. LMz, SMz) showed 
more nitrogen stress than legume integrated cropping systems (e.g. CpMz, BnMz). 
However, the increased supply of nitrogen in legume integrated systems resulted in yield 
reductions in a few dry seasons. Generally, cropping systems appeared to be largely 
nitrogen constrained rather than water constrained in the sub-humid southern Rift Valley 
regions. Integrating legumes could be an alternative and cheap source for nitrogen, soil 
green cover, and soil organic matter buildup to enhance the overall productivity of the 
system sustainably. 
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6.1. Introduction 
 
Double cropping of a maize and legumes, rotations between cereals and legumes, relay 
cropping, and intercropping of legumes with cereals such as maize, wheat, barley are all 
options with potential to increase farm food production (Bogale et al. 2002; Friesen et al. 
2003; Bogale et al. 2011; Agegnehu et al. 2014). Tanner et al. (1994) reported that double 
cropping of field pea (Pisum arvense L.) with wheat in bimodal rainfall environments of 
Ethiopia not only increased productivity and income but also reduced soil erosion, rapid 
conversion of pasture lands into arable lands, and increased weed control and human and 
animal labor efficiency.  
 
The integration of legumes in short fallow as green manuring has been reported to increase 
maize grain yield 30-40%, substituting up to 70 kg N ha-1, and providing some suppression 
of weeds (Friesen et al. 2003; Negassa et al. 2007; Bogale et al. 2011). Agegnehu et al. 
(2014), reported also the importance of food legumes such as faba bean and rapeseed in 
cropping sequences for the improvement of yield and quality of malt barley in Ethiopia. 
However, agronomic compatibility with component crop and cropping calendar, biological 
complementarity, crop, and fertility status of the field considerations are critical in realizing 
the desired benefits of cropping intensification (Minta et al. 2014).  
 
Double cropping or sequential cropping has been practiced in the central highlands of 
Ethiopia with rainfall events before the main rainy season or post rainy season using 
highland food legumes(Minta et al. 2014). The second cropping could be for forage (Minta 
et al. 2014) or for food purpose (Tanner et al. 1994; Agegnehu et al. 2014), which usually 
relieves the food shortage before the main season harvest. Also, studies have shown that 
the rotation of maize with beans, and alley cropping maize with perennial legume shrubs 
such as pigeon pea and Sesbania, increased maize yield and produced between2 and 3t 
ha-1of additional biomass in the Rift Valley (Admasu et al. 1996; Bogale et al. 2002).  
 
Rao et al. (2011c) used Agricultural Production System Simulator (APSIM) to quantify the 
long-term effects of double cropping legumes and cereals in fallow systems. Their study 
showed that the most productive and less risky cropping system was a sequential double 
cropping of maize and short cycle grain legumes. The use of validated simulation models 
can help to increase our understanding of complex interactions among crop components in 
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rotational systems (Keating et al. 2003; Holzworth et al. 2014; Rodriguez et al. 2016). APSIM 
model has been proved to be a useful tool to quantify the benefits and trade-offs of different 
cropping systems such as intercropping and crop rotations (Mohanty et al. 2012; Teixeira et 
al. 2015); to explore options for sustainable intensification (Zingore et al. 2009; Whitbread 
et al. 2010; Dimes et al. 2015; Roxburgh & Rodriguez 2016); to identify technologies that 
increase water use efficiencies (Sadras 2004a; Dimes 2005; Rodriguez et al. 2016; Sadras 
et al. 2016) to quantify risks from alternative cropping systems or interventions (Akponikpè 
et al. 2010; Dimes 2011; Nidumolu et al. 2015; Rigolot et al. 2017). However, such 
approaches and studies were not widely used in Ethiopia to address and explore cropping 
system strategies that could improve system productivity and efficiencies.  
 
Therefore, the objectives of this study were to quantify benefits and trade-offs from 
alternative cropping system strategies for the Belg season in terms of (i) contribution to 
maize productivity and (ii) downside risks, attaining the minimum food availability threshold 
(e.g. 2 t ha-1) for a typical farming family in the CSRVE. This was achieved by combining 
information from empirical field trials and results from long-term simulations using APSIM 
model to address the question; whether farmers in the semi-arid and sub-humid Rift Valley 
regions of Ethiopia should sow grain and forage legumes or long duration maize during the 
Belg season.  
  
147  
6.2. Materials and Methods 
 
6.2.1. Study area description 
 
The study was conducted across locations of the central and southern Rift Valley of Ethiopia 
(CSRVE), specifically, Melkassa (8◦24’ latitude and 39◦12’ longitude; 1550m altitude), 
Adamitulu (7◦53’ latitude and 38◦41’ longitude, 1658m altitude); and Shalla (7◦16’ latitude 
and 38◦26’ longitude, 1683m altitude) districts (Figure 34). These are dominated by maize-
based cropping systems, and consist of two major agro-climatic zones, the semi-arid (35%) 
and sub-humid (55%)(Russell-Smith 1984). Melkassa and Adami Tulu districts are mainly 
in the semi-arid agro-climatic zones, while Shalla is in the sub-humid climatic zone towards 
the southern Rift Valley agro-climatic zones (Figure 34). 
 
 
Rainfall in the CSRVE is seasonal with high spatial and temporal variability. There are three 
seasons viz. the small rainy season, Belg or Spring(extending from March to May); the long 
rainy season, Kiremt or Summer(June-September); and the dry months called Bega or 
Figure 34. Map of central and southern Rift Valley of Ethiopia with study sites, 
Melkassa, Adami Tulu and Shalla. Source: Sime et al. (2015). 
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Winter (November-January) (Gissila et al. 2004; Diro et al. 2008). The Belg and Kiremt 
seasons are the cropping seasons in CSRVE. Unlike small cereals such as wheat (Triticum 
aestivum), teff (Eragrostis tef) and millet (Eleusine coracana), maize is sown in the Belg 
season and is continued to be grown during the Kiremt season (Figure 35). There exist large 
variability of farmers sowing decision and cropping choice and so is the yield variability to 
smallholders’ farming practices. The large diversity of sowing date implies that crops are 
exposed to the whole scale of seasonal variability, inter-seasonal dry spell risk and terminal 
stress depending on the seasonal condition and crop and cultivar choice.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The soils of the CSRVE are dominated by Andosols (Melkassa), Calcaric Fluvisols 
(Adamitulu) and Vitric Andosol (Shalla) soil types (Itanna 2005). The original vegetation 
included dense acacia-based grasslands. The rapid conversion of grasslands to cultivated 
lands and the long-term repeated tillage culture destroyed the soil biological, chemical and 
physical properties the (Biazin & Sterk 2013). Which in turn reduced the capacity of the soil 
to buffer water supply during droughts and frequent dry spells (Biazin et al. 2011). 
 
Figure 35. Seasonality and monthly rainfall distribution with typical cropping calendar 
in central and southern Rift Valley of Ethiopia. Seasonal farm activities such as tillage 
start with rain fall events in Belg (March-May). Much of cropping is confined to Kiremt 
season. 
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6.2.2. Agronomic trials and model parameterisation 
 
A trial with the purpose of parameterizing a forage legume, cowpea (Vigna unguiculate acc#-
12688) was sown on 30th of July 2014 at Melkassa research station. A randomized complete 
block design was used to accommodate a cowpea cultivar with three levels of phosphorus 
(0 kg ha-1, 20 kg ha-1, and 60 kg ha-1) in three replications. TSP (Triple superphosphate: 0-
46-0) was used to apply phosphorus fertilizer. No nitrogen fertilizer was applied. Cowpea 
seeds were planted in 0.6 m spacing between rows and 0.1 m between plants that gave 
approximately 16 plants m-2 sowing density. The trial treatments were carried out on a plot 
size of 5m x 4.5m (22.5m2) each. Fields were kept weed free using hand weeding until the 
cowpea plant cover ground completely. Fresh biomass samples were taken at flowering (73 
DAS) from two middle rows (4.8 m2). Samples were oven dried at 70◦C to constant weight. 
Dry matter yield was recorded and reported.  
 
On-farm experiment consisting of two sowing dates (during Belg and Kiremt) and four 
cropping systems (LMz, SMz, CpMz, MiMz see Table 23 for descriptions) was carried out in 
2015 cropping season at two locations- Adami Tulu and Shalla districts. The objective of the 
trial was to collect data from farmers’ fields and to calibrate and test the APSIM model. Table 
24 shows the treatment descriptions employed in the farmers’ field trials. Three farmers’ 
fields were selected and prepared for the first sowing opportunity (Belg) at Shalla district. 
Three plots with 10m x 10m (100m2) plot size were used to sow the treatments on farmers’ 
fields. The long maturing maize (LMz), cowpea (Vigna unguiculate acc#12688) and millet 
(cultivar: Tadesse) were sown on 29th of April 2015; and a fourth plot was left fallow. The 
fourth plot and double cropping systems followed by cowpea and millet were sown on 14th 
of June 2015 with short maturing maize-MH130 (SMz). One pass of plowing was opened on 
plots for placing maize seeds among residues of cowpea or millet. 
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Maize crops (both Belg and Kiremt sowings) were fertilized with 18 kg N ha-1 and 46 kg P205 
ha-1 at sowing using DAP (18-46-0) and top-dressing of 23 kg N ha-1 applied using urea (0-
46-0) 35 days after sowing. Cowpea and millet crops were not fertilized. Plant densities used 
were 5 plants m-2, 16 plants m-2 and 25 plants m-2 for maize, cowpea, and millet, respectively. 
Cowpea and millet were knocked-down using Roundup (3 L ha-1) six weeks after Belg 
sowing. Postemergence weeds were managed by hand weeding.  
 
At Adami Tulu district, the Belg season sowing opportunity did not happen due to the drought 
El Nino seasonal conditions in 2015. Hence, maize sowing was delayed to early June and 
early season (Belg) sowing of cowpea and millet did not take place. Therefore, both LMz 
and SMz were sown on 6th of June with the same density and fertilization (above) on three 
farmers field at Adami Tulu site. 
 
6.2.3. Measurements and data collection 
 
Weather records from the trial season and historical climate data (1982-2015) were obtained 
from Adami Tulu, Melkassa and Hawassa research stations. Soil samples were taken at 
0.15, 0.3, 0.6 and 0.9m depth at sowing from all sites. Samples were used to determine 
initial nitrogen and soil water. Separate samples were also taken from same depths for 
determining the soil physical and chemical characteristics of study sites (Table 24).  
Treatment codes
LMz
SMz
CpMz
MiMz
BnMz§
Monocropping of a long maturing maize (MH140) sown in Belg (March-May) and 
grown throughout Kiremt  (June-Sep)
Fallow during the Belg (March-May) and monocropping with short maturing 
maize (MH130) sown and grown throughout Kiremt
Cowpea grown during the Belg,  followed by monocropping short maturing maize 
(MH130) and grown throughout Kiremt
Millet grown during the Belg , followed by monocropping short maturing maize 
(MH130) sown and grown throughout Kiremt
Bean grown during the Belg,  followed by monocropping short maturing maize 
(MH130) and grown throughout Kiremt
Treatment descriptions
§  This treatment was not included in the on-farm trial but in the simulation scenario analysis.
Table 23. Treatment description for on-farm experiment in 2015 season at Adami Tulu 
and Shalla. 
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Crop phenology such as days to emergence (DE), days to 50% flowering (DF), physiological 
maturity (PM) and harvesting were recorded for maize. Yield and yield parameters for maize 
such as grain yield, above ground biomass, hundred seed weight and moisture content were 
recorded from samples taken at three central rows of each plot (22.5 m2).  
 
Cowpea and millet biomass were sampled from three quadrants (1 m2) taken diagonally 
along each experimental plot at 45 days after sowing at Shalla farmer’s field. Dry matter of 
cowpea, millet, and maize was determined after oven dry samples at 70◦C to constant 
weight.  
 
6.2.4. Simulated scenarios 
 
APSIM model (version 7.8) was used to quantify the effects of different sowing dates and 
double cropping scenarios on yield, water productivity, nitrogen, and water interactions as 
well as associated risks for maintaining food availability in smallholder farming systems for 
a period of 34 seasons (1982-2015).  
 
APSIM model was calibrated using data from the 2014 season field experiment at Melkassa 
research station as described in the previous chapter (for two maize cultivars-short 
BD LL DUL TN Clay Silt Sand PAWC
(g/cm3) (mm/mm) (mm/mm) (%) (%) (%) (%) (mm)
0-15 0.95 0.17 0.34 0.18 8.0 21 35 44 118.5
15-30 1.18 0.19 0.34 0.16 8.0 21 35 44
30-60 1.17 0.28 0.43 0.10 8.2 19 33 48
60-90 1.16 0.36 0.43 0.08 8.3 17 35 48
0-15 1.05 0.14 0.27 0.12 7.5 21 45 34 106
15-30 1.09 0.14 0.26 0.11 7.8 19 49 32
30-60 1.18 0.14 0.24 0.10 8.2 17 52 31
60-90 1.30 0.16 0.29 0.10 8.4 19 50 31
0-15 1.29 0.19 0.42 0.20 6.4 6 43 51 189.3
15-30 1.34 0.17 0.40 0.16 6.1 8 53 39
30-60 1.33 0.17 0.39 0.23 6.5 6 59 35
60-90 1.33 0.15 0.33 0.09 6.7 6 53 41
Shalla
BD= bulk density; LL= lower limit, DUL= drained upper limit, TN= total nitrogen; PAWC=plant available 
soil water content
Sites Depth pH
Adami Tulu
Melkassa
Table 24. Physical and chemical properties of soils in the study sites. PAWC values 
are sum of 0-90 cm soil profile. 
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maturing- MH130 and long maturing-MH140). In APSIM, maize Cresemillas and B-120 
cultivar descriptions (www.apsim.info) were used to represent and simulate short and long 
maturing cultivars, respectively, at all sites. Banjo, Rainbird-short and Wrajpop cultivar 
descriptions (www.apsim.info) were used to simulate cowpea, snap bean and millet, 
respectively. These APSIM default cultivars showed relatively closer flowering date or crop 
duration descriptions with the actual cultivars used in the field experiments. Local agronomic 
information in terms of cropping calendar, sowing date, sowing density for calibrating model 
were obtained from 2014-15 agronomic trials (Table 25). 
 
APSIM was used to address the question; whether farmers in the semi-arid Rift Valley 
regions of Ethiopia should sow grain and forage legumes or long duration maize, early 
during the Belg season. Moreover, APSIM was used to quantify the benefit and risk of Belg 
cropping effects to main season or Kiremt maize production. The modelled scenarios 
included five treatments, LMz, SMz, CpMz, BnMz and MiMz run for 34 seasons (1982-2015) 
(see Table 23 for treatment descriptions). The sowing criteria was 20 mm rainfall 
accumulated within three consecutive days between 15 April-31 May for Belg maize sowing 
and 1 Jun-31 July for Kiremt maize sowing and published reports (Kassie et al. 2014a; Wolf 
et al. 2015). For cowpea, bean, and millet the sowing window was set to start on first of 
March and ends on the 30th of April each season. 
 
 
 
 
 
 
 
 
 
 
 
 
The model was initialized with values of soil water content set at 50% of the fraction of 
maximum available water filled from the top at sowing. The maximum plant available soil 
water content (0-0.9 m depth) was 118.5 mm, 106.5 mm and 189.3 mm at Adami Tulu, 
Table 25. Summary of parameters used as an input for APSIM simulations analysis of 
cropping systems 
Sowing window
Rainfall 
threshold 
(mm)
Initial 
nitrogen 
(kg/ha)
Cultivars
Plant density 
(plants/m2)
15 Apr - 31 May 20 29 B-120 5
1 Jun - 31 July 20 29 Cresemillas 5
Cowpea 1 Mar - 30 Apr 20 11 Banjo 16
Maize 1 Jun - 31 July 20 18 Cresemillas 5
Bean 1 Mar - 30 Apr 20 11 Rainbird 16
Maize 1 Jun - 31 July 20 18 Cresemillas 5
Millet 1 Mar - 30 Apr 20 11 Wrajpop 25
Maize 1 Jun - 31 July 20 18 Cresemillas 5MiMz
Cropping Systems
LMz
SMz
CpMz
BnMz
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Melkassa and Shalla, respectively (Table 24). Initial soil nitrogen was 11 kg ha-1 NO3- (0-
0.9m) and 18 kg Nha-1 applied (urea_N) using APSIM soil module.  
 
Crop management data input to the model were the same as field experiments and local 
recommendations (Table 25). Planting densities were kept at 5 plants m-2, 16 plants m-2 and 
25 plants m-2 for maize, legumes (cowpea and bean) and millet, respectively for all 
simulations and sites. Biomass from the Belg sowing opportunity was assumed to be 
incorporated into the soil using tillage activity carried out before the succeeding maize 
sowing. Fields were assumed to be free of weeds, pests, and diseases. 
 
Simulation outputs included grain and biomass dry matter yield, grain and biomass nitrogen 
content, water and nitrogen stress indices, soil water at sowing and harvesting. Secondary 
indices such as harvest index (HI) and water productivity (WP) were calculated from the 
simulation results. WP was computed by dividing grain yield to crop water use (which was 
calculated as adding all soil water at sowing and in-crop rainfall amount and subtracting the 
soil water at harvesting). 
 
6.2.5. Downside risk (DSR) analysis 
 
Risk analysis for cropping systems tested in the simulation scenarios was performed to 
assess the impact of the alternative cropping systems in fulfilling the required food 
equivalent energy requirement from a maize production by a typical household at each 
region. 
 
Hence, the DSR was defined as the cumulative probability of achieving a yield lower than a 
required food availability threshold (e.g. 2 t ha-1). The daily calorie requirement was 
calculated based on daily adult energy requirement i.e. approximately 3925 kilocalories of 
energy per person per day based on FAO guidelines (Food and Agriculture Organization 
2004). The energy requirement depends on the family size and land holdings (Snapp et al. 
2013). Hence, here we used the average family size of 7 persons (Teklewold et al. 2013; 
Tessema et al. 2015) and owning land size of one hectare assuming all dedicated to maize 
production and maize produced is consumed by the household as a primary energy source. 
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Climate data and multi-season simulation results in response to cropping system scenarios 
were graphically presented by using different graphical styles e.g. box plots to show the 
patterns and distribution over time using R statistical and graphics packages (R Core Team 
2014). Descriptive statistics were used for preliminary observation of variable differences. 
Analysis of variance (ANOVA) was used to identify treatment and interaction effects of 
quantitative variables. The significance of the treatment means was tested using a Tukey 
test function in R. 
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6.3. Results 
 
6.3.1. Rainfall seasonality and variability 
Rainfall in Central and Southern Rift Valley of Ethiopia is seasonal and highly variable 
(Figure 36). The median rainfall at the study sites ranged between 165 and 300 mm and 
400 and 560mm for Belg and Kiremt seasons, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The 50% chance of getting sowing opportunities using 20 mm and 30mm rainfall threshold 
was early March and before the end of April, respectively, at all sites (Figure 37). The chance 
of obtaining a sowing opportunity earlier than May was 75% with 30 mm rainfall threshold. 
Shalla had as high as 95% chance of early sowing opportunity in Belg or before the end of 
May using 20 mm rainfall threshold (Figure 37).  
 
 
 
 
 
 
 
Figure 36. Cumulative rainfall distribution of 34 seasons (1982-2015) for Belg (short 
curves) and Kiremt (longer curves) seasons of study sites. The grey shaded areas 
indicate the rainfall distribution at 25th(lower) and 75th(upper) quantiles and the black 
solid curves show cumulative median rainfall. 
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6.3.2. Model performance 
 
APSIM simulated cowpea biomass yield at flowering showed a good agreement with the 
observed biomass yield at Melkassa (Figure 38). The mean observed cowpea dry matter 
yield was 6, 7.5 and 7.4 t ha-1 for phosphorus levels of 0, 20 and 60 kg ha-1, respectively. 
Similarly, the simulated mean cowpea dry matter yield was 5.8, 8.2 and 10 the-1, for the 
same phosphorus levels, respectively. There was no significant difference between the 
phosphorus rates (0,20 and 60 kg ha-1 ). However, the noticeable difference (20% cowpea 
yield ) can be observed between no phosphorus (P0) and 20 kg ha-1 phosphorus (P20) 
application to cowpea at Melkassa. However, the model simulated a significantly higher 
response to 60 Kg ha-1 phosphorus application to cowpea.  
Figure 37. Cumulative probability of sowing opportunities based on rainfall 
thresholds (20 mm and 30 mm) accumulated over three days in three sites of 
CSRVE. 
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Figure 38. Observed and simulated dry matter yield of cowpea at flowering in 
2014 season. Note: CP0, CP20 and CP60 are phosphorus fertilizer levels of 0, 
20, and 60 Kg ha-1 applied at cowpea sowing. Error bars indicate standard error 
of the means for observed dry matter yield at Melkassa. 
Figure 39. On-farm performances of maize-based sequential double cropping 
systems tested at Adami Tulu and Shalla sites in 2015 cropping season. CpMz 
and MiMz are cowpea and millet sown in Belg rains followed by maize in Kiremt 
rains. LMz, SMz are long maturing maize (MH140) and short maturing maize 
(MH130) sown in Belg and Kiremt, respectively. Error bars indicate standard 
error of the means. 
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The on-farm performances of maize-based cropping systems in 2015 season are presented 
in Figure 39. The average maize dry matter at flowering (DM), total biomass (TBM) and grain 
yield (GY) at Adami Tulu site during harvest was 8.9, 8 and 3.7 t ha-1, respectively. Similarly, 
the average DM, TBM, and GY at Shalla site were 8, 6 and 3.1 t ha-1, respectively. The 
maize yield variability was higher at Adami Tulu (CV=32-56%) than Shalla (CV=25-34%). 
Among the cropping systems, Belg sown long maturing maize cultivar (LMz) exhibited higher 
DM, TBM, and GY with higher variability (Figure 39) than the CpMz, MiMz, and SMz 
cropping systems.  
 
6.3.3. Modelling alternative cropping intensification scenarios 
 
The simulation study revealed that the yield of maize was significantly (p<0.001) increased 
by the sequential double cropping of maize with cowpea at Shalla site (Figure 40). The 
median yield of early sown maize (LMz) and maize-cowpea double cropping (CpMz) were 
comparable at Adami Tulu and Melkassa sites. LMz and CpMz systems showed 21-26% 
and 17-23% higher yield than traditional or Kiremt sown continuous short maturing maize 
monocropping (SMz), respectively, at all sites.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 40. Box plots show impact of alternative maize-based cropping systems 
on yield and biomass of maize (n=34, 1982-2015) at three sites in the Rift Valley 
of Ethiopia. See Table 24 for cropping systems abbreviations. 
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Similarly, maize and legume (cowpea) integrated cropping systems produced much higher 
(22-36%) biomass than late sown, continuous maize mono-cropping (Figure 40). In addition, 
Belg opportunity sowing gave average biomass yield of 2-4 t ha-1 cowpea and bean as well 
as 1.4-3.6 t ha-1 millet (Figure 41). Which increases the total biomass produced per season 
into 33-43% against continuous maize mono-cropping. Shalla site produced the highest 
(54%) biomass during Belg than the drier sites, Adami Tulu and Melkassa (Figure 41). 
 
The integration of legume e.g. cowpea improved the seasonal water use or water 
productivity (WP) of maize in all sites. The overall WP ranges between 5.6 and 16.6 kg ha-1 
mm-1. The median WP values were the highest for CpMz and LMz with 9 and 8.2 kg ha-1 
mm-1, respectively, among the cropping systems scenarios simulated, across all sites 
(Figure 42). CpMz showed significantly higher (28%) WP than the other cropping systems. 
Figure 41. Biomass yield from Belg opportunity sowing in CSRVE. Error bars 
indicate standard error of the means. 
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Simulated maize yields were explained in terms of water and nitrogen co-limitation, where 
co-limitation expressed as a function of water and nitrogen deficit (stress) index during crop 
critical processes such as phenology (e.g. during the flowering time) at which crops could 
perform better. Which means the level of water or N stress does not limit yield rather 
improved. Water and N stresses were calculated in APSIM as the ratio of supply and 
demand for soil water and N during critical crop processes.  
 
Figure 43 shows the water and nitrogen co-limitation in a range from 0-1(0 indicates full 
stress and 1 indicates no stress). Whenever the index is below 0.5 the crop is severely 
stressed, either by water, by nitrogen or by both. For example, the maize continuous mono-
cropping (e.g. LMz, SMz) showed more nitrogen stress than the legume integrated cropping 
systems (Figure 43). The CpMz and BnMz showed more pronounced water stresses and 
nitrogen water co-limitations in some seasons (as shown by the data points near the 
diagonal line in Figure 43). Co-limitation effects were seen, when relatively high water and 
nitrogen stress indices associated with high yield points converging near the diagonal lines. 
Hence, CpMz showed the highest yields concentrated on the 1:1 line (Figure 43). This is, 
no or little water and nitrogen stresses and consequently higher yields. The MiMz, SMz and 
LMz scenarios were dominated by nitrogen stresses. While the lowest yields (red points) 
were predominantly dominated by severe water stresses (index <0.5) (Figure 43). 
Figure 42. Water productivity of maize-based cropping systems of CSRVE. 
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 Figure 44. Simulated nitrogen content of maize grain and biomass in response to 
the cropping systems tested. 
Figure 43. Maize yield as affected by cropping systems, water and nitrogen stresses 
at three locations in CSRVE. Maize yield data points above, below and on the 
diagonal lines indicates nitrogen limited, water limited and both nitrogen and water 
co-limited, respectively. see Table 23 for cropping systems abbreviations. 
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The higher yields of CpMz cropping systems also showed higher simulated grain nitrogen 
contents i.e. 73 kg ha-1, compared to 58, 48, 46 and 44 kg ha-1 for the LMz, SMz, BnMz, and 
MiMz cropping systems, respectively (Figure 44). CpMz resulted in 19-39% and 45-49% 
higher grain and biomass nitrogen content than the other cropping systems, respectively. 
 
Food availability thresholds (e.g. 2 t ha-1) were met for most of the cropping seasons by all 
cropping systems at all sites (Figure 45). CpMz and BnMz were found to be slightly riskier 
systems at Adami Tulu and Shalla, with downside risk (DSR) values of 8-10% due to partial 
or complete crop failures, in comparison with 2-6% for MiMz and SMz cropping systems. 
LMz sufficiently met the food demands almost every season. However, increasing the food 
availability threshold to 2.5 or 3 t ha-1 increased the riskiness of the SMz, BnMz, and MiMz 
cropping systems very rapidly but not for the LMz and CpMz at Melkassa and Shalla sites 
(Figure 45). Generally, Adami Tulu and Melkassa were more risky areas in meeting the food 
availability thresholds than Shalla area. 
  
Figure 45. Cumulative probability distribution of simulated maize yield in response to 
five cropping systems tested at three sites. The dashed line marks the food availability 
threshold at 2 t ha-1. See Table 23 for cropping systems abbreviations. 
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6.4. Discussion 
 
Our results showed that legumes such as cowpea and beans can be integrated into existing 
farming systems and resources (e.g. Belg season rainfall) for increasing food and feed 
production. We also found that cowpea-maize double cropping and long duration maize are 
feasible systems used to increase the productivity of the maize-based system of CSRVE. 
These systems showed 17-26% grain yield and 33-43% of biomass increase compared to 
the conventional continuous maize monocropping with short duration maize cultivars. 
Moreover, maize-legume double cropping systems increased the seasonal water use up to 
28%. The simulated high grain N content in these cropping systems revealed the high N 
contribution to the system in the long-term. 
 
The increase in productivity (21-26%) from the use of long duration maize (LMz) implies the 
untapped potential and yield gap that exist in the current farming system (Henderson et al. 
2016; van Ittersum et al. 2016). The presence of multiple productivities and efficiency gaps 
have been reported in smallholder farming systems in Sub-Saharan Africa. Henderson et 
al. (2016) reported an estimated large yield gap (e.g.16-209%) in the smallholder farming 
systems, originating from technical and systemic inefficiencies. Improving simple agronomic 
practices such as optimum sowing dates, proper weeding, cultivar choices, and adequate 
fertilization enables to close productivity gaps and increase resource use efficiencies (Turner 
2004; van Noordwijk & Brussaard 2014; Roxburgh & Rodriguez 2016). 
 
The intensification of cropping systems can have benefits to effectively capture resources 
(Farahani et al. 1998; Caviglia et al. 2004). The Belg rain, which is mainly lost to evaporation 
due to excessive tillage and weed, can be considered as a missed opportunity in the study 
areas & elsewhere in the semi-arid environments of Ethiopia. Here it was shown that Belg 
rain can be used to sow a grain crop or a forage legume such as cowpea as a cropping 
intensification option. Yield and biomass increase on the cereal crop (e.g. maize) can be 
explained by the additional supply of biologically fixed nitrogen through leguminous crops. 
Cowpea is an excellent nitrogen fixer, depending on soil and climatological conditions it can 
fix up to 88 kg N ha-1(FAO 1984; Bationo et al. 2002). Our simulation analysis showed 58-
101 kg Nha-1 and 116-210 kg Nha-1 of grain and biomass nitrogen content, respectively, 
because of cowpea-maize double cropping systems. These results indicated that integration 
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of legumes such as cowpea in maize-based cropping systems can be a cheap and 
sustainable alternative source to supply nitrogen to the maize crop from the leguminous N 
fixation (Kramberger et al. 2009).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
On the other hand, nitrogen contributed this way may have trade-offs in extremely water-
limited environments and drought seasons. The low yields and 8-10% downside risk from 
CpMz and BnMz cropping systems could be attributed to a mismatch between nitrogen and 
water availability that reduced yields in the drier seasons (Sadras et al. 2016). This risk can 
be corrected by reducing external nitrogen input into "smaller doses" during dry seasons 
(Sadras 2002; Sime & Aune 2014).  
 
Legume-maize double cropping systems showed also increased productivity in favorable 
seasons with relatively high water and nitrogen stressed conditions. This observation could 
be attributed to co-limitation of nitrogen and water where a reasonable level of stresses 
Figure 46. Maize yield and seasonal crop water use relations in response to 
cropping systems scenarios simulated for 34 seasons (1982-2015) at three sites 
of the semi-arid Rift Valley regions of Ethiopia. The slope of the diagonal boundary 
line is about 12.5 kgha-1mm-1. See Table 24 for cropping systems abbreviations. 
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result in crops to perform better and give higher yield (Cossani et al. 2010; Sadras et al. 
2016). 
 
Double cropping of cowpea and maize also showed increased water productivity (28%), 
which implies a potential system for enhancing system productivity in water-limited 
environments such as the semi-arid CSRVE (Figure 46). Caviglia et al. (2004), also reported 
enhanced water productivity due to legume-cereal double cropping systems through 
increased capture of annual precipitation. Radulovich (2000) also studied sequential 
cropping systems in tropical regions and found that the practice increased the length of the 
rainfed cropping season and cropping intensity thereby enhanced the productivity of the 
system. 
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6.5. Conclusion 
 
The study showed that legumes such as cowpea and beans can be integrated into existing 
farming systems and resources (e.g. Belg season rain) with significant benefits in terms of 
food availability and risk management. Long duration maize and cowpea-maize double 
cropping could be feasible alternative cropping systems and can enhance the productivity 
of the maize-based farming system of CSRVE. For instance, these systems resulted in 17-
26% of grain yield and 33-43% of biomass yield advantages over the conventional 
continuous maize monocropping with short duration maize cultivars. 
 
The productivity increases from the use of long duration maize imply the untapped potential 
and yield gap that exist in the farming system of CSRVE. Improving simple agronomic 
practices such as optimum planting dates, cultivar choices and adequate fertilization 
enables to achieve increased crop and water productivity in such environments.  
 
Cropping intensification where and when possible could have potential benefits to effectively 
capture resources. Opportunistic cropping of legumes in early season rainfall (Belg) could 
alleviate nitrogen limitations and improve subsequent main season maize crop yields. 
Though the increased supply of nitrogen in legume integrated systems resulted in yield 
reductions in few dry seasons, it can be compensated by the high yields in the more 
favorable seasons which in turn increased the overall productivity.   
 
Based on our field observations and modelling analysis, the current farming systems of the 
CSRVE needs rethinking and innovative approach to foster sustainable cropping 
intensification. Our modelling scenarios could be insightful start-ups in the quest for 
alternative cropping solutions to the existing low productive and less resource efficient 
system, however, further field experimentations and validations needed for conclusive 
recommendations. 
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CHAPTER 7. General discussion 
 
7.1. Background 
 
Largely rainfed and subsistence farming systems of the Ethiopian central and southern Rift 
Valley agro-ecologies, seasonal and intra-seasonal climate variability always poses risk to 
food insecurity and vulnerable livelihoods. Dry spells occurring at the seasonal transitions 
or within seasons becomes highly risky and unpredictable. Besides, more than 63% of 
farmers own less than one hectare which is sometimes referred to as "starvation plots". 
Because with such small and fragmented landholdings farmers hardly meet their food 
demand even in good seasons using the current farming practices. The low input (only 6% 
farmers using certified seeds and average nitrogen use 10 kg/ha) low output (<1 t/ha 
national average) production systems are not enough to feed the ever-increasing population. 
Hence, there must be a different way of thinking or re-examining of current farming systems 
in such a way that it produces the most out of available resources within the reach of 
smallholder farmers. Rainfall seasonality gives an opportunity for cropping intensification 
during good seasons which occurs in more than 50% of seasons. We argue, that allocating 
such potential seasons for single cropping is a wasted and missed opportunity. Farmers 
tend to exploit this long season with double cropping combinations (e.g. maize & legumes) 
or longer duration crops such as maize.  
 
We also argue that, for poorly resourced farmers, improving simple agronomic practices 
(timely planting and weeding, proper spacing and optimum density, appropriate and 
alternative fertilization) could improve farmers productivity tremendously. For relatively 
better resourced and informed farmers, using improved input, technologies and improving 
farmers cropping systems towards more diversification (crop rotation) and intensification 
(increasing productivity from the same unit of land) could step-up their productivity and 
resilience towards a better position. To do so, it needs new cropping system strategies or 
formulation that is flexible enough to accommodate the seasonal conditions with their 
resources. Mainstreaming modelling, decision support systems and information gives them 
the required confidence to invest their resources for better productive and resilient systems 
in the future to transform the "starvation plots" into food security plots.  
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Therefore, this thesis project was conducted with the objective of understanding current 
farming system constraints, risks, and opportunities and analyze the benefits and trade-offs 
of alternative climatic and agronomic adaptation options for enhancing productivity and 
resilience in the semi-arid and sub-humid Rift Valley regions of Ethiopia. 
 
7.2. Summary of key findings 
 
In the attempt to address research questions and objectives, four research chapters were 
carried out. In chapter three, the APSIM modelling platform was used to generate 
quantitative information to support discussions with farmers about their exposure to risk and 
the implications from alternative practices and options. We confirmed that the central and 
southern Rift Valley areas of Ethiopia (CSRVE) maize-based rainfed farming system is 
constrained with variable climate, inadequate use of fertilizers, animal feed shortages 
following the dry season, and unsustainable farming practices such as repeated tillage for 
weed control. The discussion and participatory modelling (PM) approach with farmers 
conveyed a message to farmers and extension workers that current practices are less 
productive, inefficient and less climate-smart or resilient. Therefore, changing current 
practices such as sowing dates and timely weeding could enhance productivity substantially. 
One of the advantages of the PM was farmers got the chance to reflect why they do not use 
or adopt improved technologies. For instance, farmers pointed out why their sowing decision 
is so diverse given the same rainfall and soil conditions. Relatively poorer farmers are 
obliged to sow late due to limited resources for seed and fertilizer, lack of complete plowing 
implements and draught power, highly fragmented farmlands, labour shortage.  
 
On the other hand, discussions with farmers and participatory modelling activity revealed 
farmers’ understanding of the climate and soil variability exist in their local systems.  For 
instance, farmers allocate maize to the relatively fertile and better soil, ‘Gebeta Guracha’ 
and beans to other less fertile and sandy soil, ‘Chirecha Walmeka’. Which implies farmers 
understands the soil variability in their farmlands and this knowledge could affect their 
rational allocation of crops with high fertility demand and yield potential to the relatively fertile 
soil type and vice versa. 
 
The production system of the CSRVE is dominated by a few cultivars of maize and bean 
crops. The problem of adoption of a few cultivar options could be stagnation of yield 
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potentials, dependency on narrow cultivar choices, demand and price increase (which 
persuades farmers to recycle seeds), the danger of disease outbreak, climate adaptation.  
The increasing complexity and vulnerability of smallholder farmers to such production and 
livelihood constraints need innovative and engaging approach. Participatory modelling (PM), 
where participatory research activity involving computer models, local practices, climate, 
and soil information, used to help the co-learning among farmers, researchers, and local 
experts. 
 
The approach allowed us to understand how farmers could be engaged effectively (e.g. the 
color-coded stickers activity in chapter three), how farmers process information and how to 
better communicate their observations. PM, for instance, indicated that early sowing 
windows failed to give harvest in 17% of seasons, however, in 20% of seasons early sowings 
gave a higher yield than late sowing windows. This was confirmed by the farmers as they 
reflect their experiences where false starts of seasons exposed them to less or no harvest 
in some seasons while some early season sowing gave them bumper yields. Besides, PM 
revealed that in 58% of seasons using suitable early maturing cultivars were productive than 
late maturing cultivars.  Moreover, the PM showed that yield could be increased by 39% and 
64% by improving weeding and nitrogen fertilization. Generally, PM demonstrated to farmers 
that allocation of limited resources in a more efficient, productive and targeted way could 
improve crop productivity without necessarily incurring additional production cost. 
 
After preliminary analysis and understanding of current rainfed maize-based farming 
systems constraints, risks and opportunities, in-depth analysis of the agro-climatic condition 
based on rainfall were found essential. The climate of target sites was studied in terms of 
seasonal and within-season variability, dry spells risk (probability and duration) and effective 
onset, cessation and length of growing periods based on more than 30 years of data (1982-
2015). Results showed that rainfall is variable and seasonal. The intra-seasonal (within 
season) variability was higher than the seasonal variability. Analysis showed that one third 
(30%) dry seasons and two-thirds of 70% normal to wet seasonal frequencies with 531-652 
mm and 767-1117 mm of mean annual rainfall totals, respectively. Besides, the Belg or short 
rainy season was found to be highly variable, with frequent dry spells (>40%) and risky than 
the Kiremt or main rainy season. However, Belg has an important role for early sowing of 
season-transient long maturing and productive crops such as maize. Hence, onset criteria 
which accommodate adequate rainfall amount (e.g. 20 mm), the absence of dry spells (>10 
days), and sufficient rainy days (at least two rainy days) were used to quantify potential 
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sowing opportunities. Analysis revealed that early June as dependable onset time in 70% of 
seasons (n>30) in the semi-arid areas such as Melkassa and Adami Tulu. In sub-humid 
areas such as Shalla, onset could be early May during Belg. Belg season misses sowing 
opportunities in 42% of seasons in semi-arid areas. Which implies 58% of seasons were 
having sowing opportunities. When this was coupled with ex-ante analysis of modelling, we 
understood that farmers could lose up to 38% of maize yield if farmers were targeting only 
short duration cultivars in Kiremt seasons. That is because whenever Belg qualifies for 
sowing it gives a longer duration of growing period (106-149 days) than shorter duration (74-
92 days) in Kiremt season.   
 
Following the climate analysis, the next question was what climatic and agronomic or 
cropping system strategies and adaptation options could be used to manage the risk while 
utilizing potentially exploitable Belg sowing opportunities. The preceding thesis chapters 
(Chapter 5 and 6) attempted to address this question. The combination of field experiments 
and modelling assessment of optimum sowing windows, cultivar maturity types and use of 
cultivar mixtures in semi-arid and sub-humid areas of the Rift Valley revealed that Belg 
sowing window found to be potentially exploitable and feasible decision with more yield 
advantage over Kiremt only sowing decision especially in the sub-humid areas. For instance, 
Belg season sowings with long maturing cultivars and mixture of long with short maturing 
cultivars (in alternate rows on same field and season) could produce 21-38% and 8-27% 
more yield than the traditional and low-risk practice of Kiremt sowing with continuous shorter 
duration cultivar use in sub-humid and semi-arid environments, respectively. The yield 
increase from the cultivar mixtures implies that crop cultivar mixtures could offset the yield 
variability and important strategies for managing climate risk and improving yield stability. 
 
The last research chapter (chapter 6) results showed that legumes such as cowpea and 
beans can be integrated into existing farming systems and resources (e.g. Belg season rain) 
with significant benefits in terms of food availability and risk management. Long duration 
maize and cowpea-maize double cropping could be feasible alternative cropping systems 
and can enhance the productivity of the maize-based farming system of CSRVE. For 
instance, these systems resulted in 17-26% of grain yield and 33-43% of biomass yield 
advantages over the conventional continuous maize monocropping with short duration 
maize cultivars. 
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7.3. Conclusions and Recommendations 
 
 The Ethiopian central and southern Rift Valley region farming system is challenged 
by various forms of production constraints and risks which put the resource-poor and 
subsistence farmers in highly vulnerable and fragile system.  
 
 Climate variability and resulting moisture deficits are the most limiting factors. Poor 
crop management (e.g. untimely and inadequate weeding), inadequate and 
inefficient fertilization, pest and disease outbreaks are the most important factors 
constraining crop yields and farmers productivity.  
 
 The underutilized improved technologies and seasonal opportunities exist in the 
CSRVE system could be attributed to not only for limited resources of farmers but 
also lack of information, inadequate engagement of farmers in research and higher 
than actual risk perceptions (risk aversion) of farmers themselves. Opportunities for 
improvement should not be overshadowed by few occasions of poor seasons and 
associated risks. 
 
 In the sub-humid environments of CSRVE it is advisable and feasible to use Belg 
sowing window with long maturing and mixture of cultivars for optimizing resources 
whereas in the semi-arid environments, the Kiremt sowing window found to be 
productive and relatively stable.  
 
 However, the seasonal yield variability in the semi-arid regions was higher for Belg 
than Kiremt and showed food deficit (unable to produce 2 t ha-1 of maize) in 20-30% 
of seasons. This risk can further be minimized by better matching the right cultivar 
choices, cultivar mixtures, sowing dates, nitrogen fertilization supported by real-time 
climate forecasting and other important information. 
 
 Hence, the relative merits and importance of improved technologies, crop 
management practices and information should be adequately demonstrated and 
addressed to farmers by tailoring to their local production system. This improves the 
adoption of technologies and practices by farmers, which provides more choices, 
diversity, and resilience. 
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 From an agronomic perspective, recommendations such as suitable sowing dates, 
proper use of cultivar types and mixtures, crop diversification and intensification, site-
specific fertilizer applications, appropriate and timely weed management techniques, 
are required.  
 
 Soil water monitoring methods, climate forecast information and creating suitable and 
participatory action research platforms to engage farmers in the process is essential. 
Exploring more robust methods and decision-making rules would be very helpful to 
help farmers make better-informed decisions. 
 
 Cropping intensification where and when possible could have potential benefits to 
effectively capture resources. Opportunistic cropping of legumes in early season 
rainfall (Belg) could alleviate nitrogen limitations and improve subsequent main 
season maize crop yields in Ethiopia. 
 
 Based on our field observations and modelling analysis, the current farming systems 
of the CSRVE needs rethinking and innovative approach to foster sustainable 
cropping intensification. Our modelling scenarios could be insightful start-ups in the 
quest for alternative cropping solutions to the existing low productive and less 
resource efficient system, however, further field experimentations and validations 
needed for conclusive recommendations. 
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Appendix Figure 1. Cumulative probability distribution of simulated maize yields in 
response to three maize maturity groups (Early=120; Medium=145; Late=160 days to 
mature), five sowing windows (March, April, May, June and July) and at three locations 
Melkassa, Adamitulu and Shalla. 
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Appendix Figure 2. Human research ethics approval form 
